











NOTE ON THE ACCELERATION AND RETARDATION OF 
INVERTASE ACTIVITY 


By T. C. MANCHESTER 


(From the Research Department, California Fruit Growers Exchange, 
Ontario, California) 


(Received for publication, June 5, 1939) 


The observations reported here were made in the course of an 
investigation of the more general subject of enzymic accelerators 
and inhibitors as influenced by the presence of pectin. 

Duclaux in 1883, according to Effront and Prescott (1), and 
Duclaux (2) in 1899 reported that 200 to 1000 parts per million 
of KCN results in marked retardation of invertase activity. 
Apparently this conclusion by Duclaux has been accepted as cor- 
rect since that time. ; 

The present data show that what appeared to Duclaux to be an 
inhibition due to KCN was due to increased pH caused by the 
addition of KCN to an unbuffered sucrose solution. Within the 
pH range of 3.0 to 8.4 the addition of 300 p. p.m. of CN~ (751 
p. p. m. of KCN) resulted in an acceleration of invertase activity. 

While the data obtained by Duclaux have not been checked, 
they may be assumed to be correct. However, his interpretation 
of the data is at fault because changes in reaction were not given 
consideration. In other words there was no pH control, pre- 
sumably because of lack of such knowledge at that time. In the 
present work it was found that when 751 p. p. m. of KCN were 
added to an unbuffered 5 per cent sucrose solution containing 2 
per cent of Difco analytical invertase the pH of the solution was 
increased from 6.09 to 9.71.! 

In Fig. 1, Curves A and B, each point plotted represents a 
result obtained with a 50 ml. sample containing 2.5 gm. of sucrose, 
1 ml. of invertase solution, and a buffer consisting of a mixture of 
citric acid and sodium citrate. Each sample was held for 15 


‘All pH measurements were made with the glass electrode. 
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minutes at 28°, immediately made alkaline to phenolphthalein, 
and the amount of inversion determined by an adaptation of the 
Blish (3) modification of the Hagedorn-Jensen method. Curve A 
represents experiments in which 300 p. p. m. of CN~ were included 
in the mixtures, while Curve B represents those in which no CN- 
was included. It will be observed that throughout the pH range 
in which invertase is most effective the samples containing added 
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Fie. 1, Effect of KCN on invertase activity. 50 ml. samples, containing 
2.5 gm. of sucrose, 1 ml. of invertase, and citric acid-sodium citrate buffer. 


CN~- show a greater per cent of inversion than do those with- 
out CN-. 

The presence of 1 per cent of commercially pure, unstandardized, 
citrus pectin did not influence the ability of 300 p. p. m. of CN~ 
to accelerate the action of the enzyme. Neither did the addition 
of the same amount of pectin in the absence of CN~ materially 
influence invertase activity. 
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Berlingozzi and Testoni (4) found that the presence of 1 per 
cent of pectin materially decreased the rate of acid inversion of 
sucrose. Here again interpretation of the results failed to con- 
sider the effect of increased pH value caused, in this case, by the 
presence of pectin. 

A single series of tests in which 300 p. p. m. of HgCl, were used 
confirms the findings of Sgrensen (5) that HgCl, is a decided 
inhibitor of invertase. There is some indication that the presence 
of 1 per cent of pectin protects invertase against this inhibitory 
action of HgCl. It would be of interest to establish definitely 
whether pectin does offer such protection. 


BIBLIOGRAPHY 


1. Effront, J., and Prescott, 8. C., Enzymes and their applications, New 
York, 67 (1902). 

2. Duclaux, E., Traité de microbiologie, Diastases, toxines et venins, 
Paris, 379 (1899). 

3. Blish, M. J., J. Assn. Off. Agric. Chem., 16, 497 (1933); 17, 394 (1934). 

4. Berlingozzi, 8., and Testoni, M., Ann. chim. appl., 26, 489 (1935). 

5. Sérensen, 8. P. L., Compt.-rend. trav. Lab. Carlsberg, 8, 124 (1909). 





























A NEW METHOD FOR THE DETERMINATION OF 
URIC ACID IN BLOOD, WITH URICASE* 
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The original Folin and Denis (2) phosphotungstate colori- 
metric method for uric acid was increased in sensitivity through 
the accidental discovery by Benedict and Hitchcock (3) that 
cyanide ion materially intensifies the color developed in the re- 
action. The sensitivity was also increased by heating (4). The 
net result was that the amount of blood required was decreased 
from 2 ce. to 0.5 ce. However, neither Benedict nor Folin appears 
to have appreciated that the change in ratio of uric acid to uric 
acid reagent actually also increased the sensitivity of the re- 
action (5). 

Many attempts have been made to improve the specificity of 
the color reaction. The improvements in the preparation of the 
uric acid reagent as devised by Folin (6) and Benedict (4) did not 
meet the high degree of specificity actually required. Neither did 
the attempts at preliminary precipitation of uric acid as silver 
urate (7) nor the attempts to eliminate glutathione and ergo- 
thioneine by preparing unlaked blood filtrates (8) prove entirely 
satisfactory. To date the method of Newton (9), in which the 
glutathione and ergothioneine are removed by the Benedict 
procedure (7), urea is added to the cyanide solution to prevent 
turbidity (8), and a lithium arsenotungstate is used as the reagent, 
appears to be the best modification of the colorimetric method for 
uric acid. Nevertheless, an improved specificity of the reaction, 
a better per cent of recovery of uric acid, and simplification of 
procedure seemed desirable. 

In the method presented here the specific action of uricase is 
made use of, so that the difference in color value before and after 


* A brief preliminary report of this work has been published (1). 
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uricase action is a true measure of the uric acid content. It has 
also been found that by omitting the heating during color develop- 
ment the color intensity is more nearly directly proportional to — 
the concentration of uric acid. Nevertheless, for the most ac- 
curate values in which appreciable differences in the uric acid 
content of the standard and the unknowns are compared, we 
find it necessary to make corrections based on empirically ob- 
served colorimeter readings over a wide range of uric acid con- 
centration. 

Reagents— 

Uricase preparation. 1 pound of fresh, frozen beef kidney, 
which had previously been mechanically defatted and ground fine 
in a food chopper, was dehydrated with four samples of 500 ce. 
each of acetone over a period of 48 hours at 4°. 12 hours were 
allowed for each extraction. The tissue was then dried quickly 
at room temperature with the aid of afan. The dry material was 
treated twice at room temperature with 500 cc. of benzene, the 
first treatment for 6 hours, followed by filtering, and a second 
treatment for 12 hours. The resulting material was dried quickly 
at room temperature, ground to 60 mesh with a mechanical mill 
or a mortar and pestle, and stored in a desiccator at 4°. 

The activity of the powder was determined by following the rate 
at which it caused the disappearance of uric acid from a solution. 
Since the activity depends on the conditions used in the deter- 
mination, those conditions are stated precisely. 1 gm. of uricase 
powder was suspended in 100 ce. of 6.125 per cent sodium car- 
bonate, and 1 cc. of toluene was added. Quantities of 1 cc. of 
the well mixed suspension were incubated with from 10 to 20 mg. 
of uric acid dissolved in 10 cc. of 0.15 per cent lithium carbonate 
in a 125 ec. Erlenmeyer flask for 2 hours at 45°.' At the end of 
this time 36 cc. of water, 1 cc. of 10 per cent sodium tungstate, 
and 2 cc. of 4 N sulfuric acid were added. The uric acid was 
determined colorimetrically on the filtrate. In a typical experi- 
ment, 1 ec. of the 1 per cent suspension oxidized 4.85 mg. of uric 
acid, or 1 gm. of the powder oxidized 485 mg. of uric acid. 

The activities found for this preparation compare favorably 
with those reported by Ro (10) and by Truszkowski and Gold- 


! Ro (10) showed 45° to be the optimum temperature for uricase action. 
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manowna (11) for their preparations. The dry preparation was 
stable for a year. 

Sodium tungstate. A 10 per cent solution was prepared with 
the usual precautions as to alkalinity. The sodium tungstate of 
Pfanstiehl was found satisfactory. 

Sulfuric acid. Standard n/12 and 3 N solutions. 

Uric acid reagent (Koch modification) (12). 100 gm. of sodium 
tungstate (Pfanstiehl’s best grade) were dissolved in 700 ec. of 
distilled water in a 2 liter, round bottom flask. 75 cc. of 85 per 
cent phosphoric acid were added and the mixture boiled gently 
under a reflux condenser for 24 hours. The resulting solution 
was decolorized by adding a few drops of bromine or 30 per cent 
hydrogen peroxide to the hot solution and boiling without the 
condenser for 10 minutes to remove the excess. The pale yellow 
liquid was diluted to 1 liter, filtered, and stored in a brown glass- 
stoppered bottle. 

Urea-cyanide solution (8). 250 gm. of Merck’s or Baker’s 
best grade urea were dissolved in 700 ec. of water, filtered, and 
diluted to 1000 ce. This solution is stable for months when 
stored at refrigerator temperature. 2.5 gm. of Megck’s or Baker’s 
best grade sodium cyanide* were dissolved in 100 cc. of the 25 
per cent urea solution as needed. This solution is stable for 2 to 
3 days when stored in the refrigerator, but it should be discarded 
after that time. 

Standard uric acid solution. A stock solution of uric acid in 
lithium carbonate, containing 1 mg. of uric acid per cc. of solution 
and preserved with formaldehyde, was prepared according to the 
directions given by Koch (12) for the Folin stock solution. For 
the standard solution, | cc. of this stock solution was diluted to 200 


* Unfortunately different samples of sodium cyanide give different 
intensities of color with the same sample of standard uric acid and reagents. 
The picture is complicated still further by the fact that the variations in 
intensity with different cyanides and pure uric acid solutions are different 
from the variations observed with the same cyanide and blood filtrates— 
in extreme cases making a difference in the calculated value of uric acid of 
as much as a mg. per 100 cc. of blood. This emphasizes the necessity of 
using the same cyanide throughout any comparative study. The sodium 
eyanide now purchasable contains only 95 per cent sodium cyanide. It is 
possible that the preparation of a cyanide free from impurities would 
eliminate this difficulty. , 
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ec. 1 cc. of this diluted solution contains 0.005 mg. of uric acid. 
The stock solution is stable, but the diluted standard should be 
freshly prepared at least every 3 days. 


Procedure 


Two blood filtrates were prepared: (a) a tungstic acid filtrate 
of whole blood, and (b) the same type of filtrate made with the 
same blood after the uric acid had been destroyed by uricase. 
For the untreated blood filtrate, 2 cc. of 10 per cent sodium tung- 
state were added to 2 cc. of blood placed in a 50 cc. centrifuge tube. 
To this mixture 16 cc. of N/12 sulfuric acid were slowly added. 
Then the mixture was centrifuged or filtered to obtain a clear 
filtrate. For the other filtrate, 2 cc. of blood were incubated in a 
water bath at 40-48° for 2 hours with 50 mg. of the uricase powder, 
at which time the blood proteins and uricase were precipitated by 
adding 2 cc. of the 10 per cent tungstate and 16 cc. of N/12 sulfuric 
acid. A filtrate was obtained from this mixture by centrifuging 
or filtering. 

For the color development, duplicate 5 cc. samples of the filtrate 
from the blood treated with uricase and duplicate samples of from 
1 to 5 cc. of the untreated blood filtrate were placed in 1 X 8 inch 
test-tubes. Standards containing from 1 to 5 cc. of the standard 
solution were also prepared.? The volume of liquid in all the 
tubes was adjusted to 5 cc. To these tubes 5 cc. of the fresh 2.5 
per cent NaCN in 25 per cent urea were added from a long tipped 
microburette.* Then 1 cc. of uric acid reagent was added slowly 
from a long tipped burette directly into the solution. The con- 
tents of the tubes were mixed well, and the tubes were stoppered 
and allowed to stand at room temperature for 3 hours for color 
development, after which the unknowns were compared in a color- 
imeter with the appropriate standard. 

The apparent uric acid value obtained with the blood treated 
with uricase was subtracted from that of the untreated blood to 
give the true uric acid content. 


* Usually only 5 cc. samples of both filtrates and 1 and 3 cc. standards 


were needed. 
‘ The cyanide solution, the uric acid reagent, and the standard solution 
were stored in Koch microburettes ((12) p. 237) and measured directly 


from them. 
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Corrections for Lack of Parallelism between Color Intensity and 
Concentration of Uric Acid Present—In order to eliminate this 


TaBLe | 
Percentages by Which Calculated Uric Acid Must Be Adjusted to Correct for 
Lack of Parallelism of Color Intensity and Concentration, Given by 
Observed Colorimetric Readings with Standard Set at 26 Mm.* 

















| } 
Percentage to be added a ~ be 
Colorimeter Be Oy, Colorimeter ma 
reading With wih | "ding | with | With 
amen | sant: | | sSiame | See 
mm. mm, 
10.5-11.4 4.5 11.2 | 2.1-204 | O02 | 0.5 
11.5-12.4 4.2 9.5 | 20.5-21.4 0.9 2.9 
12.5-13.4 3.8 8.1 | 21.5-22.4 1.6 5.5 
13.5-14.4 3.2 7.1 | 22.5-23.4 | 1.9 6.7 
14.5-15.4 2.8 6.3 | 28.5-24.4 2.4 7.6 
15.5-16.4 2.2 5.3 | 24.5-25.4 3.1 8.8 
16.5-17.4 1.3 3.9 25.5-26.4 3.6 10.6 
17.5-18.4 0s | 2.5 | 2527.4 | 4.0 12.4 
18.5-19.4 os”) | ome 27.5-28.4 | 4.5 14.6 
19.5-19.9 0.1 | 02 28.5-29.4 | 65.0 16.2 
20.0-20.0 | 00 | 0.0 29.5-30.4 | 5.5 18.9 





* An illustration of the use of the figures in the table follows: In a case 
in which the color produced with 5 cc. of blood filtrate was compared with 
that of a 0.015 mg. standard set at 20 mm., a colorimetric reading of 16.0 
mm. was observed. By direct calculation, 3.75 mg. of uric acid per 100 ce. 
of blood are obtained, but to correct for lack of parallelism in color inten- 
sity this value must be corrected by adding 2.2 per cent (0.022 X 3.75 = 
0.0825); therefore, the value for this sample is (3.75 + 0.08) 3.83 mg. per 
100 ec. of blood. 

t The 0.015 mg. standard can be used in most analyses in which 5 ce. of 
filtrate of blood not treated with uricase are used. The same percentage 
corrections are applicable for use with from 0.010 to 0.020 mg. standards. 

t The 0.005 mg. standard is usually needed with blood previously treated 
with uricase. The same percentages are applicable for corrections with 
standards of from 0.0025 to 0.0075 mg. 


error and to reduce the number of standards need<d for each 
determination, curves were developed for each standard used. 
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In the early colorimetric methods heat was applied to speed up 
the color development. We have found a greater deviation from 
the true proportionality when heat is included in the procedure, 
thus confirming in part the findings of Brown (15). Because of 
this discrepancy, the heat treatment was rejected in the method 
described here. When uric acid reduces the reagent at room 
temperature, the maximum error due to lack of proportionality 
is +5 per cent, even when readings deviate 8 to 10 mm. from that 
of the standard, and corrections can be made for this error. 

In this study the calculated uric acid concentrations for both 
untreated and uricase-treated blood have been adjusted to the 
correct values by applying the corrections found necessary from 
these experimental curves. For convenience, the corrections are 
given in terms of percentages and are recorded in Table I. To 
correct the calculated uric acid concentrations, uric acid was added 
if the unknown reading was less, and subtracted if the reading 
was greater than that of the standard. The blank color value is 
proportionally greater when the concentration of uric acid present 
is less. Thus with the low standard used for blood treated with 
uricase the percentages necessary for corrections are larger than 
with the 0.015 mg. standard. For the results reported here, cor- 
rections were not made when colorimeter readings agreed within 
2 mm. of that of the standard, and determinations were repeated 
with a more appropriate volume of filtrate when readings deviated 
more than 8 mm. from that of the standard. 


Results 


The reliability of the new method was tested by recovery studies 
on pure uric acid solutions and on human blood. The quantitative 


’ The lack of parallelism between color intensity and concentration of 
uric acid in the Folin and Denis (2) method was noted in 1914 by Steinitz 
(13). In 1924 Cohen (14) suggested that this defect is due to the blank 
color of the reagents and gave a method for correcting mathematically for 
the blank of Benedict’s (4) method. Brown (15) in 1926 showed that if 
heat is not applied while uric acid reduces a phosphotungstate, the color 
intensity is proportional to the concentration of uric acid. For some time 
these findings were ignored. Since heating is omitted in the latest methods 
of Folin (8) and of Newton (9), it is possible that this change of procedure, 
as well as the change of reagents, is responsible for the truer proportionality 
claimed for these methods than was observed with their earlier methods. 
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destruction of uric acid added to blood by incubation of the blood 
with uricase furnished strong evidence in favor of the procedure as 
an accurate method for determining uric acid present in blood. 

Uric Acid Values on Pure Uric Acid Solutions—The direct colori- 
metric procedure was used in testing the concentrations of pure 
uric acid solutions containing from 1 to 6 mg. of uric acid per liter, 
which is the range covered by blood filtrates. With six unknowns 
made up in such quantities that duplicate determinations could 
be analyzed, as outlined in the procedure above, recoveries ranged 
from 100 to 101.6 per cent (percentage error from 0 to +1.6 per 
cent). With six unknowns, for which no duplicate analyses were 
possible, recoveries were from 97.2 to 105.1 per cent (percentage 
errors from —2.8 to +5.1 per cent). The average recovery for 
the twelve unknowns was 101 per cent. The errors in these un- 
knowns are typical of those to be expected when the colorimetric 
procedure is applied to blood filtrates. 

Uric Acid Content of Human Blood—The average uric acid value 
for 50 samples of human blood was 2 mg. per 100 cc. of blood with 
a range of from 1.04 to 3.83 mg. The apparent uric acid for these 
samples obtained by the direct procedure without uricase action, 
ranged from 1.82 to 4.60 mg. with an average of 3 mg. per 100 ec. 
of blood. The non-uric acid color value of these samples obtained 
by determinations after uricase had destroyed the uric acid 
averaged 1 mg. per 100 cc., ranging from 0.60 to 1.54 mg., when 
calculated as uric acid. 

Substances Other Than Uric Acid Which May Contribute to Color 
Produced in Direct Colorimetric Procedure—The non-urie acid 
color value left after uricase has acted on the blood must be ac- 
counted for. Table II gives a list of substances that may contrib- 
ute to this value. The data in Table II were arrived at by pre- 
paring solutions of glutathione, ascorbic acid, cystine, cysteine, 
glucose, tyrosine, and resorcinol in concentrations comparable to 
the maximum concentrations in which these substances are reported 
to occur in blood. These solutions were incubated with uricase 
at pH 9.5 for 2 hours at 45°, the uricase was precipitated with 
tungstic acid, and these filtrates, aswell as the original solutions, 
were tested for their blank color values by the colorimetric uric 
acid procedure. Dilute solutions of the stock uric acid were used 
as standards, and the color formed was calculated as mg. of uric 











450 Uric Acid Determination 


acid. As will be seen from Table II, the color before and after 
uricase action in every case is approximately the same with the 
exception of glutathione. Schroeder and Woodward (16) have 
shown the presence of a hydrolytic enzyme for glutathione in 
kidney tissue. It is possible that the enzyme may be present in 
the kidney uricase preparation used in this study, the amino 
acids liberated by its action giving less color with the reagents 
than the original glutathione. If this be the case, it is an error 
that could be corrected by the use of a purer uricase. Resorcinol 
is included in the list, since early papers (17) gave the polyphenol 


TaBLe II 


Substances That May Contribute to the Non-Uric Acid Color Value As Found 
in Blood after Uricase Action 





Calculated as mg. uric acid 
per 100 ec. bloodt 











Substance me peta tee |— 
| Before uricase After uricase 

action action 
Glutathione.............. 40 | 0.60 | 0.50 
Ee aes nc pans 100 0.08 =| (0.08 
Ascorbic acid. ........... 2 | 0.056 | 0.00 
Resorcinol............... 5 ,) Ga ' > "ee 
Tryptophane............. | 2 (NH.-N) | 0.04 | 0.04 
I i eB est eeands | 2 oe i CER 8. ie 
haba Ranta Poa | 2 os | 0.10 0.11 
ae on cin dass ss 2 " 0.15 0.13 





* The solutions used contained the substances in concentrations com- 
parable with the maximum concentrations in which they may appear in 
normal blood filtrates. 

+ All values are corrected by a blank value of 0.15 mg. per cent. 


content of blood as 2 to 5 mg. per cent. Since a recent paper ’ 
(18) suggests that the polyphenol content of blood is about 0.02 
mg. per cent rather than the higher value, possibly polyphenols 
do not contribute to the non-uric acid color value of blood filtrates. 

The substances found not to contribute to the non-uric acid 
color value are allantoin, alloxan, adenine, guanine, hypoxanthine, 
xanthine, adenylic acid, creatine, creatinine, and the uricase prep- 
aration. Ergothioneine undoubtedly contributes to this factor. 
Due to the unavailability of this substance and to lack of time for 
its preparation it was not studied. 
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Destruction of Uric Acid Present in Human Blood and of Uric 
Acid Added to Blood by Uricase—Kleinman (19) in 1934, using a 
combination of the direct colorimetric procedures of Benedict and 
Folin, reported that from 50 to 70 per cent of the uric acid present 
in whole blood was oxidized when incubated for 18 hours at 37° 
with a uricase preparation of pig liver. He considered the entire 
color produced by the direct procedure to be due to uric acid. 
As has been stated previously an average of two-thirds of the color 
produced with the reagents in this study with the blood filtrates 
is due to the presence of uric acid. That the fraction left after 
uricase action is not uric acid is evidenced by the fact that uric 


TABLE III 


Quantitative Destruction of Uric Acid Added to Human Blood When 
Incubated with Uricase 


All figures are in mg. per 100 cc. of blood. 


























“a | Original blood | ws | Blood + uric acid 
0 a ric | 
ple | Before After True acid Beford After Urie Theory 
No. | uricase | uricase | uric | added | uricase | uricase acid | for true 
| action action acid | | action | action found uric acid* 
1 | 3.00 | 0.97 | 2.03 | 4.0 | 6.39 | 0.97 | 5.42 | 6.03 
2 | 3.24 | 0.79 | 2.45 4.0 6.40 | 0.80 5.60 6.45 
3 | 4.21 | 1.10 | 3.11 5.0 8.93 1.10 7.83 8.11 
4 3.42 | 0.78 | 2.64 4.0 7.15 | 0.91 6.24 6.64 
5 | 3.00 | 0.81 | 2.19 4.0 6.10 | 0.82 5.28 6.19 
6 | 3.33 | 0.89 | 2.44 | 16.0 | 19.02 | 0.90 | 18.12 | 18.44 




















* Percentage recoveries range from 83.7 for Sample 2 to 98.2 for Sample 
6, with an average recovery of 91.3 for the six samples. 


. acid added to blood is quantitatively destroyed when incubated 


with uricase, leaving the same non-uric acid color value as before 
(see Table III). Blood incubated with uricase for 1, 2, 3, and 
24 hour periods showed the same residual color value; thus ample 
time was allowed for oxidation of all the uric acid present.® 
Recovery of Uric Acid Added to Human Blood—Recoveries of 
uric acid added in quantities of 2 to 16 mg. per 100 cc. of blood 


*The amount of uricase incubated with the blood in this method is 
sufficient to oxidize at least 100 times the amount of uric acid present in 
the blood; this excess was used in order to insure complete destruction of 
all uric acid present, and to speed up the action. 








' 
\ 
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averaged 93.5 per cent in the sixteen samples shown in Tables III 
and IV. This low recovery can be accounted for in part by the 
method of protein precipitation. If the acid for protein precipita- 
tion was added slowly, as long as 20 minutes being allowed for the 
precipitation, recoveries were better. Uric acid added to blood 
filtrates was recovered with greater accuracy than when added 
to the blood directly. 

It might be thought that the presence of ergothioneine and 
glutathione in the filtrates accounts in part for the low recoveries. 
In the Newton (9) method in which these two substances are 


TaBLe IV 
Recovery of Uric Acid Added to Human Blood 


Urie acid per 100 cc. blood 


Sample No. ‘ines ejimois Blood + urie acid | —o- 
— ” Theory Found 
mg. mg. mg. mg. 
] 2.78 4.0 6.78 6.26 92.3 
2 3.46 4.0 7.46 7.27 97.5 
3 2.05 2.0 4.05 3.81 94.1 
4 2.68 16.0 18.68 16.58 88.8 
5 3.42 16.0 19.42 19.35 99.6 
6 3.15 4.0 7.15 6.68 | 93.4 
7 3.02 4.0 7.02 6.40 91.2 
s 2.52 4.0 6.52 6.32 96.9 
9 2.70 4.0 6.70 6.64 99.1 
10 3.00 16.0 19.00 18.00 94.7 
Average. 94.8 


precipitated from the filtrate before the uric acid determination, 
the recoveries average 90.8 per cent. 

The destruction of uric acid by blood as a possible cause of the 
low recoveries was investigated and is discussed in the following 


paper (20). 


DISCUSSION 


The phosphotungstic acid colorimetric method for the deter- 
mination of uric acid in blood is made specific by subtracting the 
chromogenic value of a filtrate prepared from the blood which 
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has had its uric acid destroyed by uricase from the chromogenic 
value of the untreated blood. The outstanding advantage of 
the method is its specificity. Urie acid can be determined on 
regular Folin-Wu tungstie acid filtrates of whole blood which 
contain other substances that reduce the reagent, since the uric 
acid is measured by its quantitative destruction by uricase. 

The method is time-consuming—recovery studies showed that 
the extended interval allowed for reduction of the reagent was 
necessary—but this is offset by the large number of samples that 
can be analyzed simultaneously. The curves for correction of lack 
of parallelism of color intensity and concentration of uric acid 
reduce to a minimum the number of standards needed for accurate 
determinations. 


SUMMARY 


A new colorimetric method for the determination of uric acid 
in whole blood has been devised. The specificity of the method is 
based on the destruction of uric acid by uricase. 

By this method an average chromogenic value for normal blood 
as found by the direct reduction of a phosphotungstate in terms of 
uric acid is 3 mg. per cent. Only two-thirds (about 2 mg. per 
cent) of this color is due to uric acid. The other third (1 mg. per 
cent) originates from the oxidation of other substances which are 
not destroyed by uricase. 

The substances studied which may contribute to the non-uric 
acid color value of whole blood filtrates are glutathione, phenols, 
ascorbic acid, glucose, tyrosine, tryptophane, cystine, and cysteine. 

Recoveries of uric acid from water solutions by the direct proce- 
dure ranged from 97 to 105 per cent and averaged 101 per cent. 
Recoveries of uric acid added to whole blood ranged from 85 to 
99 per cent and averaged 93.5 per cent. 

The reliability of the oxidation of uric acid by uricase as a 
measure of the uric acid content of whole blood is shown by the 
quantitative destruction of uric acid added to blood when it is 
incubated with uricase according to the method. 
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The blood of mammals is generally considered to be free from 
uricase (2,3). Nevertheless, evidence for a catalytic destruction 
of uric acid by blood was reported by Flatow (4) in 1926, by Gomo- 
linska (5) in 1928, and by Rowifska (6) in 1930. Flatow, who 
used his own ferricyanide titration method (7) for the determina- 
tion of uric acid, stated that all uric acid values for mammalian 
blood v vuld be of the order of 10 to 20 mg. per 100 cc. of blood 
were it not for the presence in blood of a heat-stable catalyst which 
destroys uric acid so rapidly that by the time analyses are made 
(usually from 1 to 2 hours after the blood is drawn) an average 
value of 2 mg. per cent is observed with human blood and only 
traces with horse and sheep blood. This “oxidase,” present in the 
red cells and in filtrates prepared from whole blood, was shown to 
act on added uric acid as well as that originally present in the 
blood. Neither Gomolinska (5) nor Rowifiska (6) observed such 
drastic destruction of uric acid, but they agreed with Flatow that 
the erythrocytes contain a substance capable of destroying 
uric acid. 

The presence in human blood of an oxidase such as that sug- 
gested above would mean that routine clinical analyses of blood 
for uric acid should be made at a definite time interval following 
the drawing of the blood, and could also account for the lack of 
complete recovery of uric acid added to blood. 

Since studies with the mammals used routinely in experimental 
laboratories are of little value for interpreting purine metabolism 
of man, and since the bloods of these animals are generally thought 


* A brief preliminary report of a part of this work has been published (1). 
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to contain uric acid in such low concentrations as to make deter- 
minations by isolation procedures tedious and by direct procedures 
unreliable, relatively little work has been reported on the uric 
acid content of these bloods. Therefore a study of these bloods 
for the presence of high concentrations of easily oxidizable uric 
acid-like substances, such as Flatow (7) reported for horse and 
sheep blood, might throw new light on purine metabolism in 
these animals. 

Taking advantage of the specificity of the uricase method des- 
cribed in the preceding paper (8), we have investigated the blood 
of man, dog, rabbit, rat, guinea pig, and mouse for (a) the content 
of uric acid immediately after the removal of the blood from the 
animal, (b) the changes that occur in the uric acid content on 
incubation in vitro, and (c) the presence of agents causing the 
disappearance or the formation of uric acid. 


EXPERIMENTAL 


Effect of Human Blood on Uric Acid—Human blood was drawn, 
oxalated, and analyzed for uric acid immediately. The analyses 
were repeated at definite intervals as the blood incubated in the 
refrigerator. As will be seen from the data of a typical experi- 
ment shown in Table I, the uric acid content of the blood after 
it had stood for 24 hours and even 5 days corresponded with that 
found by the original estimation. Both values found by direct 
determinations, as well as the non-uric acid color values, remained 
constant for the duration of the experiment. 

In these experiments the time of precipitation of proteins was 
taken as the time of analysis. Filtrates were prepared rapidly by 
centrifugation; they were sampled immediately, and the reagents 
for oxidation of uric acid were added as quickly as possible. This 
procedure is not rapid enough for the detection of any destruction 
that might have occurred in the first 15 minutes after the drawing 
of the blood, but the constancy of the values obtained after that 
time indicates that routine analyses of blood several hours after 
it is drawn still reveal the true picture of uric acid content. 

Uric acid added to blood was recovered with the same accuracy 
after it had stood with the blood for a day as when determined 
immediately after being placed with the blood (Table II). It is 
not our aim in this paper to dispute the findings of Flatow but 
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rather to state that the action of an oxidase such as he and Gomo- 
linska describe does not account for the lack of complete recovery 
of uric acid by the uricase method. The occlusion of uric acid 
during the protein precipitation still holds as the factor contribut- 
ing most to this error. Undoubtedly, other factors contribute to 
the lack of recovery but for the present an average recovery of 


TABLE I 


Uric Acid Content of Human Blood As Observed at Various Intervals 
Following Removal from Body 


Mg. uric acid per 100 ec. blood 


Before uricase After uricase 


Time elapsed between drawing 
of sample and analysis 





ection atten True uric acid 
10 min. | 3.28 0.98 2.30 
9 *. 3.35 2.35 
- 3.16 2.16 
2.5 hrs. 3.13 1.00 2.13 
24 hrs.... ss 3.28 1.00 2.28 
5 days 3.16 0.87 | 2.29 
—— 3.00 0.89 | 2.11 

TABLE II 


Recovery of Added Uric Acid from Human Blood, in Relation to Time 
of Contact 


Mg. uric acid per 100 ce. blood 





Interval uric 
Sample id : Percentage 
No. “tied =| Cciten! | Urie acid | Blood + urie acid recovery 
— } Theory _Found 

a . = _ eee —— 

5min. | 3.03 4.0 | 7.03 | 6.51 | 92.6 

| 24 hrs. 3.12 4.0 | : 3 6.61 | 92.8 

2 5 min. 3.05 | 16.0 | 19.05 | 17.97 | 94.3 


24 hrs. 3.00 16.0 19.00 | 17.64 | 92.8 


93.5 per cent was considered satisfactory, and the question has 
not been investigated further in this study. 

Uric Acid Content of Dog Blood—For these experiments blood 
was drawn from the femoral vein of unanesthetized dogs, oxalated, 
and analyzed immediately. The analysis was repeated at various 
intervals as the blood remained in the refrigerator. In the first 
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experiments the blood was analyzed at 10 minute intervals for the 
ist hour and at 30 minute and 1 hour intervals after that time. 
No high values were observed either when the blood was fresh or 
while it was stored in the refrigerator for several days. 

In all the samples tested considerable color was produced with 
the reagents used in the procedure, but very little of the reduction 
of the reagent was caused by uric acid, since the color intensities 
produced with filtrates prepared both before and after uricase had 
acted on the blood were nearly the same. 

The average figures given in mg. of uric acid per 100 cc. of 
blood for ten samples of dog blood were 2.00 (1.25 to 2.74) for 
untreated blood, 1.82 (1.18 to 2.53) for blood incubated with uri- 
case, and 0.18 (—0.02 to 0.45) for the difference or the true uric 
acid. In no case was a uric acid content higher than 0.5 mg. per 
cent observed with a sample of dog blood. 

The validity of these low figures as the uric acid content of dog 
blood was substantiated by the following findings: (a) Uric acid 
added to dog blood was destroyed when incubated with uricase 
during the procedure of the method, leaving the same non-uric 
acid color value as the original blood, and (b) added uric acid was 
recovered from dog blood with approximately the same accuracy 
as from human blood. Thus dog blood contains no uric acid- 
destroying agent or any other substances that prevent the detec- 
tion of uric acid by the uricase method. 

Uric Acid Formation in Rat Blood—The study of this animal 
seemed particularly worth while because uric acid was detected in 
the blood of rats by Folin and Morris (9) in 1913. For this work 
blood was drawn by heart puncture from normal adult white 
rats, oxalated, and pooled for analysis. The blood was sampled 
immediately and its proteins precipitated, the uric acid value 
being found to be near that of low values for human blood. The 
next sample of the same blood showed a considerably higher uric 
acid content and so did the succeeding ones (Table III). This 
was the opposite of what would have been expected from the 
findings of Flatow (4). Folin and Morris (9) made no statement as 
to time elapsed between the drawing of the rat blood for the ex- 
periments and the time of analyses. Blood drawn under sterile 
conditions and kept sterile for the duration of the experiment and 
that drawn without attempting to use sterile technique showed the 
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same increase in uric acid when the blood was allowed to stand. 
This increase was about 2 to 3 mg. per cent in 24 hours when the 
blood was stored in the refrigerator and about 7 mg. per cent in 
8 days. Different samples of blood showed widely different orig- 
inal values for their uric acid content, but all showed the same 
increase with time. Uric acid was produced more rapidly in blood 


Taste III 


Uric Acid Content of Rat Blood As Observed at Various Intervals Following 
Removal from Animal 


Pooled samples of blood drawn with sterile technique, oxalated, and 
kept sterile. 


| Mg. uric acid per 100 oc. blood 
| Time elapsed between drawing of sample | ———————-__—- — 














Sample | ““‘and analysis; additional treatment =| porore | After True 
rt of blood uricase | uricase uric 
| action | action acid 

ae re eee ee | 1.45 | 0.69 | 0.76 
/2 hrs... | 2.70 | 0.54 2.16 

1. enerspigion- thie seein | 3.14 | 2.60 
Fhe repr reteetit one. x2 | 3.80 0.43 3.37 

4 days | 6.30 0.45 5.85 
[Rea FREE | 8.21 | 0.57 | 7.64 
RF thei. wh rhall guest ke 1.98 | 0.86 | 1.12 
| Incubated 3 hrs. at 40-48°........| 4.82 0.86 3.96 

| I as ts sgsesitih indi nas cians | 5.43 0.47 4.96 

3 See eee vost 4 0.65 1.80 
Remained 3 hrs, at 4°............1 9.88 | 0.68 1 1.98 

| Incubated 3 “ ‘“‘ 40-48°.........| 4.82 0.65 4.17 
fee eee ..| 5.50 | 0.49 | 5.01 








* Approximately } hour elapsed while the samples were being drawn and 
pooled ; the proteins were precipitated immediately after the whole sample 
was collected. 

t The blood remained in the refrigerator. 


incubated at 40-48°, the increase in 2 to 3 hours being comparable 
to that observed in blood standing 24 hours in the refrigerator. 
Uric acid formed more slowly in blood preserved in an ice bath 
at 4°. All uric acid formed in rat blood was destroyed when the 
blood was incubated with uricase, but the non-uric acid color 
value for the blood remained comparatively stable for a given 
sample of blood. The production of uric acid was not observed 
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in blood filtrates, the uric acid value of incubated filtrates remain- 
ing constant for the duration of the experiment. 

The above findings indicate that some enzymatic action—either 
a decomposition of a complex or an oxidation of a precursor—is 
responsible for the formation of uric acid in rat blood. In 1915 
Benedict (10) noted that incubation of beef blood at room temper- 
ature for 2 weeks raised the uric acid content from 0.5 to 7.0 mg. 
per cent. Later the uric acid was shown to arise from the decom- 
position of uric acid-d-riboside present in the blood (11). Com- 
bined uric acid was shown to be present in smaller amounts in 
human, horse, sheep, pig, dog, and chicken blood (12). An in- 
vestigation of rat blood for the presence of a similar uric acid com- 
plex seemed the most logical procedure to follow, but attempts to 
increase the uric acid content of filtrates of rat blood by hydro- 
lyzing some hypothetical nucleotide or nucleoside present in them 
failed. 

Search for the presence of hydrolytic enzymes for the decompo- 
sition of conjugated uric acid was then abandoned in favor of a 
search for precursors and enzymes which might produce uric acid 
by oxidation. Since the less oxidized purines seemed to be the 
compounds most likely involved, they were studied as precursors. 
The purines were purchased from Hoffmann-La Roche, Inc., and 
were found of high purity according to the reactions of these 
compounds as given by Levene and Bass (13). The purines 
studied here do not reduce the reagents used in the uric acid 
determination either before or after incubation with or without 
uricase (8). 

Xanthine, being one step less oxidized than uric acid, was the 
first purine studied. In this experiment 1 mg. of xanthine dis- 
solved in 1 ec. of 0.01 N sodium hydroxide was incubated for 2.5 
hours with 1 cc. of rat blood. The first sample tried showed 
an increase in the uric acid from 4 mg. to 40 mg. per 100 cc. of 
blood. In Table IV are recorded typical results obtained by the 
incubation of 1 mg. quantities of adenine, hypoxanthine, guanine, 
and xanthine with 1 ec. quantities of rat blood. Uric acid was 
produced in large quantities from both guanine and xanthine; 
in the case cited 1 ec. of blood produced 0.2 mg. of uric acid from 
1 mg. of guanine and 0.3 mg. of uric acid from 1 mg. of xanthine 
in 4 hours at 40-48°. The control blood incubated with the same 
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amount of alkali as that in which the purines were dissolved also 
showed a slight increase in the uric acid content. Neither adenine 
nor hypoxanthine in the concentrations used in these experiments 
was changed to uric acid. That the blood contains enzymes for the 
transformation of these compounds to uric acid is discussed in the 
following paper (14). 

Blood 8 days old still had the ability to oxidize xanthine to uric 
acid; therefore the enzymes present in blood which produce uric 
acid are fairly stable. 


TaBLe IV 
Uric Acid Produced in Rat Blood by Incubation with Purines* 
All incubations were for 4 hours at 40-48°. 
Mg. uric acid per 100 cc. blood 
Treatment of blood a . 
| Before uriease True uric acid 





| action 
Stood at room temperature 4 hrs. 6.77 5.69t 
Incubated with no additions 9.54 8.46 
. ** alkali 10.25 9.17 
- ** adenine is ides 8.31 7.23 
oe ‘* guanine... ve 33.10 32.02f 
s ** hypoxanthine............ 8.42 7.34 
” ‘* xanthine..... 5 40.50 39.42t 


* 1 ce. of blood was incubated with 1 mg. of the individual purines dis- 
solved in 1 cc. of 0.01 N sodium hydroxide. 

t The non-uric acid color value left after uricase action was 1.08 mg. of 
uric acid per 100 cc. 

t When uric acid values were above 20 mg. per cent, only 0.5 cc. of blood 
filtrate was used for the determination. 


In every case in which uric acid was produced in rat blood it was 
destroyed by uricase. The urie acid was destroyed when the 
filtrates from the various samples of blood were adjusted to pH 9.5 
with sodium carbonate and allowed to incubate with the uricase 
powder, or when the uricase was added to the blood after uric acid 
had been formed in it by incubation with the purines. Uric acid 
was destroyed as fast as it was formed when blood acted on guanine 
or xanthine in the presence of uricase. In all of these cases the 
non-uric acid color value left after uricase action was essentially 
the same as that of the original blood (Table V). 
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TABLE V 


Quantitative Destruction by Incubation with Uricase of Uric Acid 
Formed in at Blood 


All incubations were for 2.5 hours at 40-48°. 











Mad cc. blood 
Treatment of blood before analysis* | Direst Dae —— 
rect True uric 
| “ation | acid 
A. No uthes lesubatien. BSS Sea. ols cotesee | 9.43 | 8.32T 
B. Incubated with uricaset.......... re ee ee | 2. | 
C. a5 SO 9.30 
D. ? Sl Atle a hoe caw 10.86 | 9.75 
E. ” - “* and uricase........... $ 1.17 
F. o aff eee WS | 9.64 
G. - IG obs coi eee cass veceds 30.30 | 29.19 
H. “ - ** — $ and uricase. _ Ll 
I. " ” “*  ,§ followed by incubation 
with uricase (Sndas usqrues 1.13 | 
J. incubated with hypoxanthine§. Preto iS ae FC 
K. ** xanthine§....... .....-| 35.50 | 34.39 
L. as ae “*  § and uricase. | 1.08 
M. " * * _ ,§ followed by incubation 
EE RO ee oe 1.14 
N. Filtrate of original blood Sample A adjusted to pH 
9.5 and incubated with uricase|]................ 1.08 
O. Filtrate of Sample G adjusted to pH 9.5 and in-! 
cubated with uricase| .. euaee ras tac tene 1.10 
P. Filtrate of Sample J adjusted to pH 9.5 and incu- 
nn ood. nddenvetnresases | 1.11 
Q. Filtrate of Sample K adjusted to pH 9.5 and incu- 
eee cas vcr recweasce te 1.10 








* The blood had remained i in the refrigerator for 4 ome before being weed 
for this experiment. 

+ An average value of 1.11 mg. per cent was subtracted in each case for 
the non-uric acid color value. 

t The quantity of uricase used in all cases was 25 mg. except for Samples 
H, I, L, and M, in which cases 100 mg. of uricase were used. 

§ 1 ec. of blood was incubated with 1 mg. of purine dissolved in 1 cc. of 
0.01 n sodium hydroxide. 

|| The uricase was reprecipitated with tungstic acid before the uric acid 
was determined. 


In preliminary experiments on the distribution of xanthine 
oxidase between the different phases of the blood, both phases were 
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shown to be active in converting xanthine into uric acid. Ina 
typical experiment in which 1 cc. quantities of plasma and cells 
from oxalated blood were incubated for 3 hours at 45° with 1 mg. 
quantities of xanthine, 23.0 mg. per cent of uric acid were formed 
from the added xanthine in the plasma and 13 mg. per cent of uric 
acid in the cells. ‘The method of separation of the two phases of 
blood (whether by centrifugation without an anticoagulant except 
oil, or by centrifugation of a pooled oxalated sample, or by centri- 
fugation of a clotted sample) appeared to have little effect on the 
distribution. The non-uric acid color value of the cells was found 
to be higher than that of the plasma but uric acid was formed in 
both phases of the blood as it incubated with no additions or with 
xanthine added. More detailed work is required before con- 
clusions can be drawn as to which phase is more potent in the 
enzyme action. 

We conclude that the blood of white rats contains very little 
uric acid as it is taken from the animal, but it contains enzymes 
which, on the exposure of the blood to air, bring about a rapid 
formation of uric acid from precursors present in the blood. The 
velocity of the action is increased by incubating the blood at 40— 
48°, and retarded by cooling the blood to 4°. The enzymes which 
are fairly stable while in the blood are removed or destroyed in the 
precipitation of the blood proteins by tungstic acid. The addi- 
tion of guanine or xanthine to the blood before the incubation so 
significantly increases the amount of uric acid formed as to 
establish the presence of guanase or xanthine oxidase in rat blood. 
The following paper deals with a detailed study of the uric acid- 
producing enzymes present in rat blood, including mechanisms of 
inhibition and acceleration of their action. 

Absence of Xanthine Oxidase from Human and Dog Blood—In 
order to have additional evidence that xanthine oxidase in rat 
blood forms uric acid in this blood as it is incubated, human and 
dog bloods were tested for the presence of this enzyme. Just as 
human and dog blood showed no formation or destruction of uric 
acid on incubation at room temperature, or in the refrigerator, 
so their uric acid content did not change when these bloods were 
incubated with nothing added, with alkali, or with the purines 
used with rat blood. 

The sample of human blood used for following the change in 
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uric acid with time shown in Table I had a uric acid content of 
from 2.17 to 2.41 mg. per cent when incubated for 2.5 hours at 
40-48° with no additions or with alkali or purines added, and a 
sample of dog blood under like conditions showed a uric acid 
content of from —0.C8 to +0.09 mg. per cent.' In no case did the 
incubations cause the chromogenic value of the filtrates of un- 
treated or uricase-treated blood to vary more than the variations 
recorded in Tables I and VI for these samples. The possibility 
that uric acid was formed in these bloods as they were incubated 
and that it was destroyed by some oxidase present as fast as it 
formed is ruled out by the previously stated finding that uric 
acid added to both human and dog blood can be recovered. Thus 
xanthine oxidase is not present in human or dog blood. The 
observation that this enzyme is absent from human blood confirms 
a similar finding of Cole, Ellet, and Womack (15). 

Urie Acid-Producing Enzymes in Blood of Other Rodents—Since 
the rat appeared to be unique in carrying xanthine oxidase in its 
blood, the blood of other rodents seemed worthy of investigation. 
Blood from rabbits, guinea pigs, and mice was drawn by heart 
puncture and oxalated as in the experiments with rats.2 The 
blood was sampled at definite intervals for the uric acid determina- 
tion. Blood of individual rabbits was used, but with guinea pigs 
and mice it was necessary to use pooled samples. No attempt was 
made in these cases to keep the blood sterile, since experiments 
with rat blood had shown this to be an unnecessary precaution. 

Rabbits were found to be like dogs in that they contain very 
little uric acid and no xanthine oxidase in their blood (Table VI). 
Uric acid added to this blood was recovered with an accuracy of 
94 per cent and was quantitatively destroyed by incubation with 
uricase. This justifies the use of the uricase method in studying 
the uric acid content of rabbit blood. An insufficient number of 
samples of rabbit blood was analyzed to permit generalization as 
to the normal range of uric acid content. 

In contrast to the rabbit, guinea pig blood showed reactions 
identical with those for rat blood. There was a rapid formation 


! Additional data illustrating this point are recorded in Table VI, in 
which all the bloods studied are compared. 

? We are indebted to Mr. Donald Otway for drawing the blood from mice, 
rats, and guinea pigs for use in this study. 
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of uric acid as the blood was allowed to incubate at room tempera- 
ture or in the refrigerator, the action being accelerated at 40-48°. 


TaBLe VI 
Changes in Uric Acid Content of Human Blood and Blood of Dogs, Rabbits, 
Rats, Guinea Pigs, and Mice When Incubated with and without 
Addition of Purines 


Time elapsed between drawing of sample Mg. uric acid per 169 ce. blood? 


and analysis; additional treatment 


of blood® Human’ Dog Rabbit Rat — Mouse 
Less than 30 min. 2.50 | 0.38 0.48 0.55f 1.04 
2 to 3 hrs. ' 2.50 | 0.17 0.68 1.74 0.19 
24 hrs. .., 2.40 | 0.08 3.74 2.60 
4to5 days 2.60 0.45 0.83 6.26 3.85 7.08 
—- >.” 0.75 9.19 
Incubated with no additions§$ 2.63 | 0.17 0.74 5.60 2.60 1.35 
- “alkali 2.67 | 0.24 0.62 6.30 2.48 0.89 
** adenine}! 2.52 0.19 0.66 | 4.50 2.00 
= **  guanine|| 2.40 | 0.16 0.72 20.50 | 21.50, 
“ ** hypoxanthine} 2.60 | 0.13 0.64 5.10 1.10) 0.20 
“i **  xanthine|| 2.53 0.21 0.74 50.009 27.88 2.07 


* The blood remained in the refrigerator except when being sampled for 
analyses. 

+t Each sample of blood used here showed considerably higher calculated 
uric acid values by the direct procedure. The average non-uric acid color 
values for these blood specimens expressed as mg. of uric acid per 100 cc. 
of blood were as follows: human 1.6, dog 1.8, rabbit 1.8, rat 1.2, guinea pig 
2.0, and mouse 2.0 for fresh blood and 1.3 for blood 4 days old. 

t This was the lowest value of uric acid observed with any sample of rat 
blood; usually much more had formed before the filtrate could be made. 

§ All incubations were for 2 to 3 hours at 40-48°. In every case the 
incubation of the blood alone and with the purines was started when the 
blood was less than } hour old except in the case of the rat blood; this par- 
ticular sample of rat blood was 32 hours old with a uric acid content of 5 mg. 
per cent when the incubation experiment was started. 

|| 1 ee. of blood incubated with 1 mg. of purine dissolved in 1 ec. of 0.01 
nN sodium hydroxide. 

§ This was the highest uric acid content observed in any experiment 
under the given conditions. 


Guanase and xanthine oxidase were both found in the blood, since 
large amounts of uric acid were found after incubation of guanine 
and xanthine with samples of guinea pig blood (Table VI). Hypo- 
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xanthine, when used in as small a quantity as 0.1 mg. per 1 ce. 
of blood, was also oxidized to uric acid, and excess hypoxanthine 
caused an inhibition of the enzyme. A discussion of the results 
from similar experiments on rat blood is given in the paper which 
follows. 

Preliminary experiments with mouse blood showed that uric 
acid was produced more slowly in it than in rat or guinea pig 
blood when the blood was freshly drawn, but considerable uric 
acid was formed in the mouse blood by the time it was 4 days old 
(Table VI). In this case the incubation with xanthine caused 
much less uric acid to form than was observed under similar 
conditions with rat or guinea pig blood, and incubation with alkali 
decreased the formation. It is possible that the increased uric 
acid in this blood has its origin in some precursor other than 
xanthine. Just as with rat blood the enzymes responsible for 
uric acid formation in mouse blood are removed or destroyed in the 
precipitation of the blood proteins by tungstic acid, for no increase 
in uric acid was observed in filtrates which had remained in the 
refrigerator for 6 days. The blood of mice will have to be investi- 
gated further before conclusions can be made as to the uric acid- 
forming enzymes present in it. 


Comparison of Changes Observed in Uric Acid Content of 
Certain Mammalian Bloods 


In a study reported in 1925 Bulmer, Eagles, and Hunter (16) 
concluded that there is a substance other than uric acid in the 
blood of the rabbit, dog, cat, guinea pig, and ox which interferes 
with the direct determination of uric acid in these bloods. The 
present study shows that by taking advantage of the specificity 
of uricase, a clearer picture of the uric acid content of the whole 
blood of different mammals is obtained. 

With the uricase method it has been possible to divide the 
mammalian bloods studied into three groups: (4) human, which 
contains 2 to 3 mg. per cent of true uric acid but which appears by 
the direct procedure to contain an additional 1 mg. per cent; (b) dog 
and rabbit, which contain very little uric acid (0 to 0.7 mg. per 
cent) but by the direct procedure appear to contain a considerable 
quantity (2 to 2.5 mg. per cent); and (c) rat and guinea pig, which 
contain little uric acid (0.5 to 1 mg. per cent) when freshly drawn, 
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but in which uric acid is formed rapidly as the blood stands.’ 
Since incubation of rat or guinea pig blood with guanine or xan- 
thine produces high concentrations of uric acid, it may be con- 
cluded that the uric acid in these bloods is formed by guanase and 
xanthine oxidase. No evidence has been found for the presence 
of these enzymes in either human, dog, or rabbit blood. 

Table VI records comparative results for the different types of 
blood studied. The figures recorded in Table VI were obtained 
from data of typical experiments not previously included in this 
paper. The values for dog and rabbit blood are similar to those 
found by Brown (17) and by Bulmer, Eagles, and Hunter (16) 
with isolation procedures. When the latter group (16) confirmed 
the finding of Benedict (10) that free uric acid forms in beef blood 
in vitro, they followed in vitro changes in human and rabbit bloods. 
The observation in the present paper that no detectable uric acid 
is formed on incubation of human or rabbit blood confirms a like 
finding of the above group (16). Bulmer, Eagles, and Hunter also 
report a value (0.7 mg. per cent) for the uric acid content of fresh 
guinea pig blood similar to that found here, but they did not follow 
in vitro changes in the blood of the guinea pig or of the dog, and rat 
blood was not included in their study. 

Although xanthine oxidase appears in some tissue of each of the 
mammals studied here (18), it has been found thus far in the blood 
of only the rat and guinea pig. Isolated tissues of the rat have 
been shown to be exceedingly potent in xanthine oxidase (19, 20), 
rat liver (21) and rat kidney (22) having served as sources of the 
enzyme for recent studies. In none of these studies was blood 
included among the tissues investigated. The finding of xanthine 
oxidase in the plasma as well as in the cells suggests that the blood 
may pick it up from some of the numerous tissues in which it 
occurs. The kidney appears to be a likely source, since the 
kidney of the guinea pig as well as of the rat contains this enzyme 
(22), while the kidneys of the other mammals used in this study 
have been reported to be free from the enzyme (18). This does 
not rule out the possibility that the blood as a tissue itself may 
form the enzyme. 


* Mouse blood is not included in this grouping because insufficient data 
were collected with it to warrant its classification here. 
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SUMMARY 


Destruction of uric acid by blood has been reported at various 
times. In the present study, however, no destruction of uric 
acid by human, dog, rabbit, rat, guinea pig, or mouse blood was 
observed. 

The uric acid content of human, dog, and rabbit blood was 
found to be constant when oxalated samples were stored in the 
refrigerator for several days, or incubated forseveral hours alone 
or with adenine, guanine, hypoxanthine, or xanthine. 

The uric acid content of rat blood and guinea pig blood, al- 
though very low when removed from the animal, was found to 
increase rapidly on standing. No evidence was found for the 
presence of a uric acid complex in these bloods which might ac- 
count for the observed uric acid formation. The production of 
uric acid in these two types of blood was accelerated by incubation 
of the blood with guanine, xanthine, or low concentrations of 
hypoxanthine. Therefore, the blood of rats and of guinea pigs 
contains guanase and xanthine oxidase. 
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The discovery of xanthine oxidase in rat blood (1), in addition to 
raising the questions of its distribution in the different phases of 
the blood and its presence in other bloods (2), suggested the fol- 
lowing questions: (a) how does quinimine, known to inhibit 
xanthine oxidase in rat liver, affect the uric acid production in this 
blood; (6) is the formation of uric acid in rat blood inhibited by 
cyanide, and, if so, what is the effect of methylene blue on this 
inhibition; (c) is the xanthine oxidase found here an enzyme that 
oxidizes xanthine but not hypoxanthine; (d) why does addition of 
adenine and hypoxanthine retard, rather than accelerate, the 
formation of uric acid in the blood; and (e) is adenase, as well as 
guanase, present in rat blood? 

The experiments recorded here were performed to answer these 
questions. The blood was incubated aerobically under various 
conditions and the amount of uric acid formed, as determined by 
the uricase method (3), was used as a measure of xanthine oxidase 
activity. 


Uric Acid Formation in Rat Blood As Affected by Quinimine, 
Cyanide, and Methylene Blue 


Effect of Quinimine—Recently Bernheim and Bernheim (4) 
demonstrated a specific inhibition of xanthine oxidase of rat liver 
by the quinoid form of p-aminophenol. In the present study 
quinimine! was found to have little effect on the amount of uric 
acid produced in rat blood incubated without added substrates 


‘ The Eastman product of p-aminophenol was twice recrystallized from 
alcohol, and a water solution of it warmed in air to convert it into the 
quinoid form (4). 
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but to decrease markedly the formation of uric acid from added 
xanthine (see Table I). This inhibition by quinimine adds evi- 
dence that the enzyme which produces uric acid in rat blood is 
xanthine oxidase. The greater inhibition observed when xan- 
thine is added to blood, as compared to blood alone, is a quantita- 
tive difference, which does not exclude xanthine as the substrate in 
both cases. Perhaps quinimine more concentrated than 0.0002 
M would cause a greater percentage inhibition. It was impossible 
to use more quinimine here, however, because more concentrated 
solutions reduced the uric acid reagent. The amount used inter- 


° TABLE I 


Uric Acid Content of Rat Blood, Uric Acid Formed on Incubation of Blood 
Alone and with Added Xanthine in Presence and in Absence of Quinimine, 
and Percentage Inhibition of Xanthine Oxidase 
Action by 0.0002 m Quinimine 


Mg. uric acid per 100 ce. blood 


See | Treatment of blood Without With 0.0002 a ‘inhib 
ted! quinimine quinimine | tion 
Feant ‘Formed | Pound Formed 
1 | No incubation 5.71 
| Incubated with alkali* 9.17) 3.46| 8.92 | 3.21 | 7.2 
2 | No incubation 8.32 | 
| Incubated with xanthinet | 34.39 | 26.07 16.50 | 8.18 | 68.6 
3 No incubation | 4.58 | 


| Incubated with xanthinet | 26.52 | 21.94 | 11.50 6.92 | 68.5 


* The incubation for Sample 1 was for 4 hours at 40-48°. 
t 1 cc. of blood was incubated 2.5 hours at 40-48° with 1 mg. of xanthine 
dissolved in 1 cc. of 0.01 N sodium hydroxide. 


fered in no way with the uric acid determinations, which confirms 
the finding of Bernheim and Bernheim (4) that the action of 
uricase is not inhibited by quinimine. 

Effect of Cyanide—The xanthine oxidase system, contrary to 
the other dehydrogenase systems, is very sensitive to cyanide. 
Dixon and Keilin (5) explained this peculiar type of inhibition— 
which works slowly, is irreversible, and affects the methylene blue 
reduction as well as the oxygen uptake—on the basis of a destruc- 
tion of the enzyme by a chemical union of it with the cyanide, 
and showed that the inhibition was prevented by the presence of 
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the substrate. Several authors (6, 7) have differed with Dixon 
and Keilin as to the mechanism of the cyanide inhibition in this 
dehydrogenase system which has been shown to be independent 
of an iron-containing catalyst (8, 9). Our experiments with 
cyanide and with cyanide plus methylene blue were carried out 
in order to have more confirmatory evidence that uric acid forma- 
tion in rat blood is brought about by xanthine oxidase rather than 
by some other factor. 


TaBie II 
Uric Acid Content of Rat Blood, Uric Acid Formed on Incubation of Blood 
Alone and with Added Purines in Presence and in Absence of Cyanide, 
and Percentage Inhibition of Xanthine Oxidase 
Action by 0.005 mw KCN 
All incubations were for 4 hours at 40-48°. 


Mg. uric acid per 100 cc. blood 








7 5! lett tail P cent 
Treatment of blood Without cyanide | With 0.005 « KCN® | inhibition 


Found | Formed | Found Formed | 


No incubation.......... 5.71 | 5.71 | 

Incubated with alkali........ 9.17 3.46 | 5.82 0.11 96.8 
ae “ guaninet.....| 32.02 | 26.21 | 12.27 | 6.56 | 75.0 
«“ “ xanthinef..../ 30.42 | 33.65 | 10.82 | 5.11 | $4.8 


*In these uric acid determinations the action of uriease on the urie acid 
of the blood containing the cyanide was inhibited only slightly. Perhaps 
the hemoglobin of the blood protected uricase from complete inhibition 
(10). 

t1 ec. of blood incubated with 1 mg. of purine dissolved in 1 cc. of 
0.01 n sodium hydroxide. 


In Table II are recorded data of a typical experiment in which 
part of a pooled sample of blood was incubated with 0.005 m 
potassium cyanide and another part without cyanide, both in the 
presence and absence of added guanine or xanthine. It will be 
seen that there is an almost complete inhibition of uric acid forma- 
tion in the blood containing no added substrates and 75 and 85 
per cent inhibition in the cases in which guanine or xanthine was 
present. A typical sample of rat blood to which 0.01 m KCN was 
added immediately after the blood was drawn from the animal con- 
tained 1.70 mg. per cent of uric acid and this value did not change 
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as the blood remained in the refrigerator for 24 hours, but when it 
was incubated for 3 hours at 40-48° the uric acid was lowered to 
0.8 mg. per cent. 

Experiments similar to these just described were repeated with 
methylene blue as well as cyanide present (see Table III). It will 


TaBLe III 
Uric Acid Content of Rat Blood When Incubated with Cyanide, with Methylene 
Blue, and with Cyanide Plus Methylene Blue in Presence and Absence 
of Xanthine or Hypoxanthine 


Mg. uric acid per 100 cc. blood 
With 
Sam- ; With 0.01 m 
_ Treatment of 1 cc. of blood* — 0.0001 - With KCN 
— meth- 01 Mu 
tions | plene | KCN eth 
ylene 
blue 
(1) (2) (3) (4) (5) (6) 
la | No incubation 5.54 5.60 5.72 | 5.91 
Ib | Incubated with 1 ec. 0.005 n NaOH 7.49 | 7.76) 5.32 | 3.34 
le ” ‘* alkali and 0.005 m KCN | 5.54 
ld _ "9 " ' on” 6h Ol COULS AS 
2a | No incubation 8.75t 
2b | Ineubated with 1 ec. 0.005 n NaOH 10.90 | 11.20) 8.75 | 6.70 
2¢ o ‘* 1 mg. xanthine 24.90 | 37.83) 8.80 | 7.73 
2d ‘4 “1 “ hypoxanthine 8.43 | 11.31 
2e " ** 0.5 mg. hypoxanthine (| 9.05 16.14 
2f 3 ee ee 13.18 | 38.21 
2g " = @35 * ” 19.85 22.50) 8.43 6.28 





* Allincubations were for 3 hours at 40-48°. 1 ec. of blood was incubated 
with 1 ec. of alkali or with purine dissolved in | ec. of sodium hydroxide. 

+t Methylene blue in 0.0001 m concentration interfered in no way with the 
urie acid determinations; it had no effect on the action of uricase, and was 
precipitated with the blood proteins, thus preventing any interference 
during the color production of the determination. 

t This sample stood at room temperature 10 hours before being used for 
the experiment. ‘ 


be noted from Samples la and Ib that again a decrease in the 
uric acid was observed when the blood was incubated with 0.01 
m KCN (5.54 mg. without incubation changed to 5.32 mg. with 
incubation). With 0.005 m KCN the value remained the original 
5.54 mg. per cent, but when 0.02 m KCN was used for the incuba- 
tion the uric acid decreased to 5.23 mg. per cent. 











a Rh ale 














Blaueh, Koch, and Hanke 475 


Methylene blue not only did not prevent the inhibition, but 
actually caused the uric acid content to be decreased still further 
to 3.34 mg. per cent with 0.01 m KCN and 3.29 mg. per cent with 
0.02 m KCN. The same type of results was observed with xan- 
thine (see Sample 2c) and later also with hypoxanthine (see 
Sample 2g) added to the blood. One may generalize that cyanide 
prevents uric acid formation from xanthine and that methylene 
blue plus cyanide, rather than preventing this cyanide inhibition, 
actually decreases the uric acid below that originally present. It 
will be noted that methylene blue alone increases the uric acid 
values (see Column 4). The mechanism of action of cyanide, 
methylene blue, and cyanide plus methylene blue will be discussed 
later. 


Formation of Uric Acid from Hypoxanthine 


Effect of Concentration and Time—Since all preparations of 
xanthine oxidase that have been reported in the literature oxidize 
both hypoxanthine and xanthine, the presence of an enzyme in rat 
blood that oxidizes only xanthine seemed unlikely, but under the 
conditions of the experiments reported in the preceding paper (2) 
this appeared to be true. For convenience the purines used in 
this study were made up in such concentrations that 1 mg. of 
purine was dissolved in 1 ce. of 0.01 N sodium hydroxide; and 
because of the searcity of rat blood, only 1 ec. of blood was incu- 
bated with | cc. of the purine solutions for the individual tests. 
Thus in these experiments, if all the purine added had been 
changed to uric acid, it would have been possible to have uric 
acid values for blood as high as 100 mg. per 100 cc. 

In most enzyme reactions, an increase in substrate concentration 
increases the rate of change of the substrate, but such is not the 
case with xanthine oxidase. Dixon and Thurlow (11), using the 
Thunberg technique, showed that high concentrations of substrate 
(xanthine as well as hypoxanthine) block the enzyme surface and 
prevent free access of the hydrogen acceptor to the activated 
substrate for oxidation. Booth (12) showed that concentrations 
of hypoxanthine of about 0.007 m inhibit the action of xanthine 
oxidase aerobically as well as anaerobically. Since this is approxi- 
mately the concentration used here, inhibition by excess substrate 
suggested itself as a possible explanation for the lack of formation 
of uric acid from hypoxanthine. The critical concentration which 
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causes inhibition depends upon the concentration of enzyme (11), 
and there was no way of predicting the concentration of xanthine 
oxidase that was present in the rat blood. It appeared that 
oxidation was taking place in all samples incubated with hypo- 
xanthine, for the blood became dark in the same way as when xan- 
thine was being oxidized, but with hypoxanthine no increase in 
uric acid was observed. These facts suggested that hypoxanthine 
as well as xanthine would be oxidized to uric acid if sufficient time 
were allowed for the diffusion of oxygen from the air into the 
reaction mixture, or if the time were kept constant and the 
amount of substrate decreased. 

In Table IV are recorded results of an experiment in which the 
hypoxanthine concentration was decreased and the time allowed 
for oxidation was increased. Tests F, G, H, and I show that even 
though the time allowed for incubation is kept at 2.5 hours, as 
the concentration of hypoxanthine is lowered from 1 mg. per cc. 
of blood (which causes a complete inhibition of the formation of 
uric acid) to 0.1 mg., the inhibition is not only removed but the 
hypoxanthine is quantitatively converted into uric acid. Thus 
xanthine oxidase of rat blood oxidizes hypoxanthine as well as 
xanthine. Tests G, K, and L also show that as the time allowed 
for oxidations is increased more of the hypoxanthine is oxidized 
to uric acid. When 1 mg. quantities of hypoxanthine were in- 
cubated with 1 ce. quantities of blood, even for 24 hours, very 
little of it was converted into uric acid (see Table VI, Samples 
2i and 2)). 

That xanthine, in the concentration used, for all the previous 
experiments was also too concentrated for the maximum yield 
of uric acid is seen in the data for Tests M toQ. In Test O more 
uric acid was produced in 2.5 hours from 0.25 mg. of xanthine 
incubated with 1 cc. of blood than from 1.0 mg. of xanthine. 
Longer incubation with 1 mg. of xanthine produced more uric 
acid (Tests P and Q). 

Effect of Methylene Blue on Production of Uric Acid from Hypo- 
ranthine—Wieland and Mitchell (13) observed that oxygen ab- 
sorption from air by a mixture of hypoxanthine and xanthine 
oxidase was increased by methylene blue; and Reindel and 
Schuler (14) showed that rat kidney causes the oxidation of hypo- 
xanthine to uric acid when methylene blue is added to the system. 
These two findings and the finding in this study that the oxidation 
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of xanthine was considerably accelerated by the presence of 
methylene blue led to the study of the effect of methylene blue on 


TaBLe IV 


Uric Acid Content of Rat Blood When Incubated with Different Concentrations 
of Hypoxanthine or Xanthine for Different Lengths of Time, and 
Percentage of Substrate Converted into Uric Acid 


Additions to 1 ec. blood Mg. uric acid per 
100 ce. blood | Percent- 





2 ; —| 
= a Substrate Time of plane 
| | 0.005 | bationt Formed | converted 
Purine® NaOH ‘ound from | into uric 
urine Amount | | present | added | acid§ 
substrate} 
* mg. | ce. hrs. | 
A None | 0.00 | 0.00 0.0 | 4.90 
B es 0.00 | 0.00 | 2.5 | 5.20 
C as 0.00 | 1.00 | 2.5 | 5.56 
D a 0.00 | 1.00 | 11.0 | 6.00 | 
E as 0.00 | 1.00 | 23.0 7.00 
F | Hypoxanthine | 1.00 | 0.00 | 2.5 | 5.49|-0.07, 0.0 
G as 0.50 | 0.50 | 2.5 | 8.56) 3.00) 4.9 
H “ | 0.25 | 0.75 | 2.5 | 17.42) 11.86| 38.4 
7 as 0.10 | 0.90 | 2.5 | 17.62) 12.06| 97.6 
J a 0.10 | 0.00 | 2.5 | 17.52) 11.96 | 96.8 
K | a 0.50 | 0.50 | 11.0 | 16.42 10.42) 16.9 
L | 7 0.50 | 0.50 | 23.0 | 17.72 | 10.72) 17.4 
M | Xanthine 1.00 | 0.00 | 2.5 | 28.04 | 22.48| 20.3 
N r 0.50 | 0.50 | 2.5 | 32.25) 26.69 | 48.3 
oO | “ 0.25 | 0.75 | 2.5 | 28.76) 23.20! 84.0 
an . 1.00 | 0.00 | 11.0 | 50.12 | 44.12} 39.9 
Q ” 1.00 | 0.00 | 23.0 | 55.42 48.42) 43.8 





* The hypoxanthine and xanthine were dissolved in 0.01 N sodium hy- 
droxide so that 1 cc. of the solution contained 1 mg. of purine. 

t The incubations of 2.5 and 11 hours were carried out at 40-48°; the 
additional incubation to 23 hours was at 38-40° with toluene added as a 
preservative. 

t The figures in this column were obtained by subtracting the amount of 
uric acid found present when the blood had incubated without the addition 
of purines from that found when the blood had incubated with purines. 

§ The percentages were calculated on the basis that 100 mg. of hypoxan- 
thine added to 100 cc. of blood could theoretically yield 123.5 mg. of uric 
acid if it were all oxidized, and that 100 mg. of xanthine under the same 
conditions could yield 110.5 mg. of uric acid per 100 cc. of blood. 


the formation of uric acid from hypoxanthine. In Table III, 
Sample 2 (Columns 3 and 4), are recorded data of a typical ex- 
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periment showing the effect of methylene blue on the formation 
of uric acid in rat blood. Sample 2c shows that the formation of 
uric acid from xanthine is markedly increased by methylene blue. 
Methylene blue prevents the decrease in uric acid usually observed 
when blood is incubated with high concentrations (1 mg. per cc.) 
of hypoxanthine (see Sample 2d) and greatly accelerates the 
formation of uric acid from the lower concentrations of hypoxan- 
thine. Sample 2f should be noted particularly, since only 2.28 
mg. (13.18 — 10.90) of uric acid were formed from 25 mg. of 
hypoxanthine without methylene blue, but when methylene blue 
catalyzed the reaction, 27.01 mg. (38.21 — 11.20) of uric acid were 
formed. The theoretical yield of uric acid is 30.9 mg. Since the 
ratio of concentration of methylene blue to purine is 1:36, the 
mechanism of the action of methylene blue must be catalytic. 

Effect of Mixed Substrates—Reindel and Schuler (14) suggested 
that all hypoxanthine in the system must be changed to xanthine 
before xanthine oxidase will catalyze the oxidation of xanthine to 
uric acid. In Table V are recorded data on mixed substrates 
which appear to support this hypothesis. Samples If and 2f 
show that 1 mg. quantities of hypoxanthine together with 1 mg. 
of xanthine almost completely prevent the formation of uric acid 
from the xanthine. Hypoxanthine also prevents the formation 
of uric acid from guanine (Sample 1h). When the concentration 
of substrate (hypoxanthine plus xanthine) is halved, as in Sample 
2i, some uric acid is formed from the added substrates, for sufficient 
time has been allowed for oxidation of this amount of hypoxanthine 
(Sample 2g). Adenine, like hypoxanthine, inhibits formation 
of uric acid from xanthine but to a lesser degree. This will be 
discussed later. 


Inhibition and Acceleration of Formation of Uric Acid in Rat Blood 


Of the facts that have been presented here the following deserve 
interpretation: (a) xanthine added to rat blood in all concentra- 
tions studied causes an increase in uric acid, but in 2.5 hours lower 
concentrations (0.25 mg. per cc. of blood) cause greater absolute 
increases than higher concentrations (1 mg.); (b) low concentra- 
tions of hypoxanthine (0.1 mg. per ec. of blood) are quantitatively 
converted into uric acid even in short incubation periods (2.5 
hours), while high concentrations of hypoxanthine (1 mg.) mark- 
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edly inhibit uric acid formation from naturally occurring or added 
precursors of uric acid; and (c) while methylene blue accelerates 
the oxidation of either xanthine or hypoxanthine to uric acid in 
rat blood and cyanide inhibits this formation of uric acid, a 
mixture of methylene blue and cyanide causes a decrease in the 
uric acid below that originally present. 

Although inhibition of the action of xanthine oxidase by excess 
substrate and by cyanide has been interpreted on the basis of a 
specific combination (11) or a specific inactivation (5) and our 
data are not in disagreement with this point of view, there are 
only a few of the facts presented which demand such an interpreta- 
tion. The most striking of these is stated in (a) above; namely, 
that more uric acid is formed by the incubation of 0.25 mg. of 
xanthine with | ec. of blood than is formed in the same time from 
1 mg. (see Samples M, N, Oof Table IV). Since reduction of uric 
acid is not possible here, blocking the enzyme surface by excess sub- 
strate remains as the most reasonable explanation for the observed 
inhibition by the higher concentration of xanthine. Most of the 
other findings presented here can be interpreted better in terms 
of a balance between the oxidizing action of the oxygen, methylene 
blue, and uric acid, and the reducing action of the hypoxanthine, 
xanthine, and cyanide. 

The concentrations of the various oxidizing and reducing agents 
are given in micromoles per 2 cc. of diluted blood (mm per liter 
would be half of these values): 1 mg. of xanthine, 6.6 micromoles; 
1 mg. of hypoxanthine, 7.4 micromoles; cyanide, 20 micromoles; 
methylene blue, 0.2 micromole; dissolved oxygen, 0.4 micromole 
(15); oxygen, bound as oxyhemoglobin, about 8 micromoles, 
assuming 8 mM per liter as the oxygen capacity of the hemoglobin 
of the original blood. In addition, under aerobic conditions, an 
indefinitely great reservoir of atmospheric oxygen is present, the 
availability of which will vary with the autoxidizability of the 
reducing agents in the system, and with the duration of the 
incubation. 

From the quantitative data just given it is seen that 1 mg. of 
hypoxanthine (7.4 micromoles) is in great excess of the dissolved 
oxygen (0.4 micromole) and nearly equivalent to the total oxygen 
held as hemoglobin (8 micromoles). Since the hypoxanthine- 
xanthine system has a more negative Zy value than the xanthine- 
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TABLE V 


Uric Acid Content of Rat Blood after Incubation with Individual or Mized 
_ Substrates of Adenine, Guanine, Hypozxanthine, and Xanthine 


Additions to 1 cc. blood Me, wie acid 100 ce. 





"Substrate 
| Incu- | zm _ : 
Sample | | Lowered 
” cilia diiesiaiall te | ee | 4048° | Found | — -. = 
| 0.01» NaOH, 1 mg. per ce. 5 | —_ | —_— FL A 
| E | | strate* or 
< fae sana _| adeninet 
mg. cc. | Ars 
la | None 0.0 | 0.0 | 0.0 | 8.75) 
Ib | “ 0.0 | 1.0 | 3.0 | 10.90 
le | Hypoxanthine 0.1 | 0.9 | 3.0 | 19.85) 8.95 | 
Id | = 1.0 0.0 | 3.0 8.43) —2.47 2.47 
le | Xanthine 10 | 0.0 | 3.0 24.90) 14.00 
lf | a and hypo- | 2.0} 0.0 | 3.0 | 12.00 1.10 | 12.90 
| xanthine 
lg | Guanine 1.0 | 0.0 | 3.0 | 17.69) 6.79 | 
lh | ¥ and hypo- | 2.0$ | 0.0 | 3.0 | 9.44 1.46 8.25 
| xanthine | 
2a | None 0.0 | 0.0 | 0.0 | 4.90) 
2b e 0.0 | 1.0 | 2.5 | 5.56) 
2c | Hypoxanthine 0.1 | 0.9 | 2.5 | 17.62) 12.06 | 
2d “ 1.0 | 0.0 | 2.5 | 5.49) —0.07| 0.07 
2e Xanthine 11.0 | 0.0 | 2.5 | 28.04) 22.48 | 
2f - and hypo- | 2.0¢ | 0.0 | 2.5 | 7.00, 1.44) 21.04 
xanthine 
2g | Hypoxanthine 10.5 | 0.5 | 2.5 | 8.56) 3.00 
2h | Xanthine 0.5 | 0.5 | 2.5 | 32.25) 26.69 | 
2; “ and hypo- | 1.0¢| 0.0 | 2.5 | 10.52) 4.96 | 21.73 
| xanthine 
3a | None 0.0 | 0.0 | 0.0 | 4.58 
i 0.0 0.0 2.5 | 6.61 
3c | o 0.0 | 1.0 | 2.5 7.00 
3d | Adenine 1.0 | 0.0 | 2.5 | 5.00! —2.00| 2.00 
3e | Guanine 1.0 | 0.0 | 2.5 | 22.50) 15.50 | 
3f | Hypoxanthine 1.0 0.0 | 2.5 | 4.88, —2.12| 2.12 
3g | Xanthine 1.0 | 0.0 | 2.5 | 26.52) 19.52 | 
ee ee 1.0 | 1.0 | 2.5 | 26.60 19.60 
3i 7 and ade- 2.0¢ | 0.0 | 2.5 | 22.50 15.50, 4.10 
nine 








* The figures in this column were obtained by subtracting the amount of 
uric acid found present when the blood had incubated with alkali without 
the addition of purines from that found when the blood had incubated with 
purines. 
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TaBLE V—Concluded 


t The figures in this column were obtained by subtracting the amount of 
uric acid found present when adenine or hypoxanthine had been added for 
the incubation from that found under the same conditions when they had 
not been added. 

t In these samples 1 mg. of each of the two purines was used except for 
Sample 2i in which only 0.5 mg. of each was used. 


uric acid system (16), it is reasonable to assume that no xanthine 
would be converted to uric acid as long as considerable excess 
hypoxanthine is present and, in fact, a reduction of uric acid to 
xanthine would be expected under these conditions. Reindel and 
Schuler (14) observed that high concentrations of hypoxanthine 
reduced uric acid to xanthine in the presence of xanthine oxidase 
from rat kidney. In our experiments a decrease in uric acid was 
at times observed with 1 mg. of hypoxanthine (see Table V, 
Sample 1d). This shows that there has been no significant in- 
volvement of atmospheric oxygen. On the other hand, 0.1 mg. 
of hypoxanthine (0.74 micromole) is only slightly more than 
equivalent to the dissolved oxygen (0.4 micromole) and much less 
than that of the 8 micromoles of oxygen held as oxyhemoglobin. 
This small amount of hypoxanthine would consume only a small 
fraction of the total available oxygen; therefore, it would not only 
interfere with the oxidative conversion of the naturally existing 
xanthine to uric acid but itself would be oxidized to uric acid 
(see Table V, Samples Ic and 2c). 

These points are illustrated still further in the data on mixed 
substrates. When the concentration of hypoxanthine is suffi- 
ciently high to use up the easily available oxygen, very little uric 
acid is formed either from hypoxanthine or xanthine, but when the 
concentration of hypoxanthine is lowered uric acid appears (com- 
pare Samples 2i and 2f of Table V). 

The great increases in uric acid formation after addition of 
minute amounts of methylene blue (0.2 micromole) with 1 mg. of 
xanthine and 0.25 mg. of hypoxanthine (see Table III, Samples 2c 
and 2f) suggest that methylene blue increases the availability of 
the oxidizing action of the oxygen. There is sufficient oxygen in 
the blood (including the 8 micromoles held as oxyhemoglobin) to 
convert all the 1 mg. (7.4 micromoles) of hypoxanthine to uric 
acid; however, since 1 mg. of hypoxanthine causes only slight 
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TaBLe VI 





Uric Acid Content of Rat Blood When Incubated for 3 and 24 Hours with 
Various Quantities of Adenine in Presence and in Absence of Methylene 
Blue; and When Incubated with Hypoxanthine, 


Sample 


No. 


la 
lb 
le 
ld 
le 
if 
lg 
lh 
li 
1j 
1k 
1] 
lm 
2a 
2b 
2c 
* 2d 
2e 
2f 
2g 
- 2h 
2i 
2) 
2k 
- 2l 
2m 


Additions to 1 ec. blood 


Substrate 


Purine dissolved in 
0.01 wn NaOH, 
1 mg. per cc. 


None 
sé 


Adenine 
ei 
ey 


oe 


++ 


None 
Adenine 


“e 
oc 
“ce 


Guanine 


ae 
None 
ae 
ie) 
Adenine 
se 
None 
Adenine 


Hypoxanthine 


oe 


Guanine 
Xanthine 


Guanine, and Xanthine 


Amount 


mg. 


| 0.00 


0.10 
0.05 
0.10 
0.10 
0.00 
0.10 
0.25 
0.10 
0.25 
1.00 
1.00 
0.00 
0.00 
0.00 
0.10 
0.10 
0.00 
0.25 
0.10 
1.00 
0.10 
0.25 
0.25 
0.25 


0.005 N 


NaOH 


0. 
0. 
0. 
0. 
0. 


90 
75 
75 
75 


0.001 m 
methy!l- 


en 
blu 


e 
e 


Ineuba- 


tion* 


24. 


~ 


24. 


0 


Mg. uric acid per 


100 ec. bloc 
Dysmed 
rom 
present | added 
stratet 
8.75 
10.90 
10.00 —0.90 
10.58 | —0.42 
10.40 | —0.50 
10.34. —0.56 
13.63 
16.10 2.47 
16.10 2.47 
13.85 0.22 
14.00} 0.37 
17.69 | 6.79 
20.62 9.72 
5.00 | 
6.38 | 
7.46 
7.74 | 0.28 
7.45 1.07§ 
8.43 
11.28 | 2.85 
10.81 | 2.38 
8.54 0.11 
18.86 11.40 
14.04 6.58 
17.97 10.51 
30.66 23.20 


* The 3 hour incubation was at 40-48° and the 24 hour incubation at 


38-40°. 

t The figures in this column were obtained by subtracting the amount of 
uric acid found when purines had not been added from that found after the 
incubation with purines—the same time being allowed for incubation in 
both cases. 
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TaBLE VI—Concluded 


t This sample of adenine had previously been incubated for 24 hours at 
38-40° to determine whether the incubation alone was responsible for the 
transformation into hypoxanthine. 

§ This value is obtained by using as the blank value that formed without 
alkali (Sample 2b); the 0.1 cc. of alkali in which the adenine was dissolved 
was probably responsible for the increase observed. 


increases in uric acid (see Table III], Sample 2d), it follows that 
methylene blue only partially increases the availability of oxygen 
held as oxyhemoglobin. It is also possible that the large amount 
of xanthine, formed by the first step of oxidation of hypoxanthine, 
as well as hypoxanthine itself, may inhibit in part the uric acid 
formation by a specific combination of the xanthine oxidase with 
the purines. 

The effect of cyanide in inhibiting xanthine oxidase has been 
interpreted as a specific inactivation of the dehydrogenase (5). 
Some of our data, however, suggest that it inhibits, as does hypo- 
xanthine, by acting as a reducing agent. It is true that with 
cyanide alone, the uric acid values are not markedly decreased, 
although with high concentrations of cyanide (40 micromoles) 
there are definite reductions (see Table III, Sample 1d). But in 
the presence of methylene blue (0.2 micromole), cyanide (20 
micromoles) causes a marked decrease in uric acid concentration 
(this takes place only in the presence of xanthine oxidase). From 
this it seems that the enzyme catalyzes the reduction of uric acid 
by the cyanide. To act thus the cyanide must first remove all 
the dissolved oxygen. It is able to do this, since 20 micromoles 
of cyanide are in great excess of the 8 micromoles of oxygen (in- 
cluding that held as oxyhemoglobin) present in the blood. When 
the amount of cyanide is decreased to 10 micromoles (see Table 
III, Sample 1c) which is about equivalent to the total oxygen of 
the blood, it no longer causes a reduction of uric acid, although, 
as would be expected, it inhibits the formation of uric acid. 


Effect of Adenine and Guanine on Formation of Uric Acid in Rat 
Blood 


Adenine was listed by Coombs (17) as one of the purines which 
inhibits xanthine oxidase, and he explained the inhibition on the 
basis of adsorption of the purine on the surface of the enzyme. 
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In our experiments adenine, like hypoxanthine, in concentrations 
of 1 mg. per cc. of blood in 2.5 to 3 hours incubation inhibited the 
formation of uric acid in rat blood (see Table V, Samples 3d and 
3f). This concentration of adenine also retarded the formation 
of uric acid from xanthine, but not so strikingly as did hypo- 
xanthine (compare Samples 2f and 3i in Table V). On the other 
hand, in lower concentrations, 0.1 mg. per cc., at which hypo- 
xanthine caused a great increase, adenine had very little effect — 
in some cases it caused a slight decrease (Table VI, Samples 1c 
and 1d compared with 1b) and in others (Samples 2d and 2c) a slight 
increase from that found without adenine. Methylene blue had 
no appreciable effect on these uric acid values (Sample le). In 
a longer time, 24 hours, adenine caused an increase in the uric 
acid value (Samples lh and 1i, 2g and 2h) and this increase was 
almost completely prevented by the addition of methylene blue 
(Samples 1j and 1k). 

Guanine, like xanthine, caused marked increases in uric acid 
formation, although the effects are not as great as those with 
xanthine (see Table VI, Samples 21 and 2m). Methylene blue 
increased the formation of uric acid from guanine (Samples 11 
and Im). The conversion of guanine into uric acid, like that of 
xanthine, was inhibited by hypoxanthine (Table V, Samples lg 
and lh). 

The conversion of adenine and guanine into uric acid indicates 
the presence of adenase and guanase in rat blood. The increase 
in uric acid from adenine only after long incubation (24 hours) 
shows that adenase acts much more slowly than guanase or is 
present in much lower concentration. 

Since xanthine oxidase has been shown to catalyze the direct 
oxidation of adenine without deamination (12), and if we assume 
that this oxidation which does not lead to uric acid is promoted by 
methylene blue, the other effects of adenine are readily understood. 
From this point of view, 1 mg. of adenine (like 1 mg. of hypo- 
xanthine) would so deplete the available oxygen that the oxida- 
tive conversion of xanthine to uric acid would be markedly inter- 
fered with; while 0.1 mg. of adenine, being equivalent to much 
less than the total available oxygen, would have no significant 
effect. The speeding up of this insignificant effect of 0.1 mg. of 
adenine by methylene blue would not alter the magnitude and 
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thus would have no effect on the uric acid value. With large 
amounts of adenine (1 mg.) and methylene blue, one would expect 
less uric acid formation than without methylene blue because of 
the more complete removal of oxygen by the adenine. This was 
the observation in the one experiment of this type which was 
carried out—the uric acid value was 5.28 mg. per cent with 1 mg. 
of adenine and 4.81 mg. per cent with 1 mg. of adenine plus 
methylene blue. It remains to point out that the inhibition by 
methylene blue of the uric acid formation from adenine in 24 
hours is explained by a methylene blue catalysis of the increased 
non-uric acid-forming oxidation of adenine. The adenine thus 
altered would otherwise be deaminized by the more slowly acting 
adenase, and thus be converted to uric acid. 

In all the interpretations in this paper we have preferred a 
theory of relative concentrations of oxidizing and reducing agents 
and their oxidation-reduction potentials to a theory of specific 
inhibition or inactivation of enzyme by substrate or cyanide, 
because the former theory is more generally useful in predicting 
the phenomena presented here and more amenable to verification. 


SUMMARY 


1. The properties of xanthine oxidase of rat blood have been 
shown to be similar to those of xanthine oxidase of milk or other 
mammalian tissues. It catalyzes the oxidation of hypoxanthine 
as well as xanthine, and its action is promoted by methylene blue. 
It is inhibited by quinimine and by cyanide, and the cyanide 
inhibition is not prevented by methylene blue. There is a critical 
concentration of substrate at which the enzyme acts best; when 
the substrate is increased beyond this point, the action is retarded. 

2. Methylene blue plus cyanide, and to a smaller extent cyanide 
alone, causes marked decreases in uric acid from that originally 
present, which indicates that the cyanide inhibition may in part 
be due to its action as a reducing agent. 

3. In high concentrations both adenine and hypoxanthine 
markedly inhibit uric acid formation. 

4. Adenine, in low concentrations, and in adequate time, in- 
creases uric acid; this indicates that adenase is present in rat blood. 
These increases from adenine are prevented by methylene blue. 

5. An interpretation of the effects of cyanide, methylene blue, 
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hypoxanthine, and adenine is given chiefly in terms of a balance 
between the concentrations of oxidizing and reducing agents, 
rather than a specific adsorption on the surface of the enzyme. 
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In a previous publication (1) we have pointed out that, in rats, 
an increased concentration of potassium occurs in skeletal muscle 
as well as in the serum during the advanced stages of adrenal in- 
sufficiency. The present study extends these observations first 
to adrenalectomized cats, in which heart and kidney as well as 
muscle and liver could be examined, and second to dogs, in which 
skeletal muscle could be examined in the same animal before and 
after adrenalectomy. In addition, analyses of tissues from ne- 
phrectomized rats are reported, since, following nephrectomy, high 
concentrations of potassium in the serum are found in animals with 
intact adrenals. 


Methods 


Only male animals were used for this study. Bilateral adrenal- 
ectomy was performed in two stages under nembutal anesthesia. 
The cats were fed a diet of canned salmon and milk; the dogs, 
ground beef. Muscle, heart, and kidney were freed from con- 
nective tissue before being placed in tared flasks in which they 
were brought to constant weight at 100-105°. The dried tissues 
were ground to a fine powder and aliquots used for all analyses. 

In order to show the changes in the proportions of the various 
tissue constituents, tissue analyses are expressed per 100 gm. of 
fat-free solids. Hastings and Eichelberger (2) pointed out that 
tissue water and electrolytes are more constant if expressed in 
terms of fat-free tissues. However, it is also known that the 


* Aided by a grant from the Fluid Research Fund of Yale University 
School of Medicine. 
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volumes of extracellular and intracellular fluids may vary in- 
dependently of each other. For this reason it seems desirable to 
express concentrations of cellular electrolytes in terms of some 
relatively fixed cellular constituent. Although fat-free solids 
represent chiefly intracellular proteins and other intracellular sub- 
stances, they are not an altogether satisfactory standard of 
reference, owing not only to variations in the amount of connective 
tissue but also to fluctuations in the amount of certain constituents 
such as glycogen which are not stable components of the cells. 
The data have also been calculated in terms of protein ((total 
N — non-protein N) X 6.25). Potassium per 100 gm. of protein 
is tabulated, since this can be used as a measure of the change in 
cellular potassium which will be described. 

When the volumes of intracellular and extracellular fluids in 
tissues were calculated, the method previously described (3) was 
used. This is essentially the same as that of Hastings and 
Eichelberger (2) and Fenn (4) and is based on the assumption 
that all chloride is extracellular and is present at the concentration 
of an ultrafiltrate of serum. Although Manery, Danielson, and 
Hastings (5) have shown that the value for extracellular water 
of muscle calculated in this manner is somewhat too large, the 
error is too small to change the essential features of the interpreta- 
tion of the data. Similar errors probably apply to the heart. In 
the liver it does not seem worth while to present calculations of 
the proportions of extracellular and intracellular water, since, in 
the liver, more chloride is found than could be present as an 
ultrafiltrate of plasma and no basis for the calculation can be 
assumed that is not likely to involve too great errors even for a first 
approximation. As one might expect, calculations of the two 
main phases of body water cannot be made for the kidneys. In 
any case calculations of extracellular water are to be regarded as 
approximations which give only the greatest possible volume of 
extracellular fluid. 

The chemical methods are the same as those used in previous 
studies from this laboratory (1). 


Results 


Tissue Changes in Adrenalectomized Cats—The cats are divided 
into two groups: (1) normal cats killed by bleeding from the 
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heart while under nembutal anesthesia; (2) adrenalectomized cats 
which were permitted to go into advanced adrenal insufficiency. 
These animals were killed in the same manner as the controls. 
Weakness, loss of appetitite, and the changes in the chemical 
composition of serum were used as evidences of adrenal insuffi- 
ciency. 

The serums show the usual changes described in adrenal insuf- 
ficiency (Table I). Attention is directed to the fact that, in all 
but two instances, the concentration of serum potassium in the 
adrenalectomized cat is more than 5 mM per liter and that in these 
two instances as well as in those with high serum potassium the 
muscles show the increase in potassium which will be described 
later. In two instances, the concentration of serum potassium 
is increased to 10 mm per liter, and in only one of these (Cat 111) 


TABLE I 
Serum Concentration in Normal and Adrenalectomized Cats 











| | Per liter water* Per liter serum* 
| No. of | 
i encueee SE OEE Kc ” 
| cl Na K Water 
| mM mM mM gm. 


Control........ = =13 «| 128.74 1.0| 161.74 1.0 | 4.28+0.12/ 983 + 
Insufficient. .... | 10 | 115.94 1.0} 145.8 4081.5 | 6.63 + 0.32 | 9274+ 2 





* Average + standard error. 


was the blood taken at a time when the value must be regarded as 
possibly the result of terminal changes. In the controls the 
concentration of serum potassium was never over 5 mm per liter. 
Low concentrations of sodium and chloride in the serum are found 
in all the adrenalectomized cats. The non-protein nitrogen is 
also invariably elevated, the range of values being from 63 to 
115 mg. per 100 ml. 

Table II gives the concentration of certain tissue constituents 
per 100 gm. of fat-free solids. The values for protein were ob- 
tained by multiplying the total nitrogen by the conventional 
factor 6.25, after correction was made for non-protein nitrogen. 
In three instances individual analyses are listed separately, since 
they differ from the others in certain respects which will be dis- 
cussed. The standard error is given for each mean value. A 
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significant difference is considered to be twice the standard error of 
the difference, since this divergence meets the usual requirement 
for significance. ‘ 

Table III shows the volumes of intracellular and extracellular 
water, together with the concentration of potassium, phosphorus, 
and protein in intracellular water. These derived data are only 
as accurate as the assumption on which they are based; namely, 
that all chloride is extracellular. As was pointed out above, the 
values are probably reasonably accurate for skeletal muscle, but 
somewhat less certain in the case of cardiac muscle. 


TaBLe III 


Phases of Tissue Water in Normal and Adrenalectomized Cats 


Water per wt iy fat- Concentration per liter intracellular 
. 


| No. free soli water* 
of . 
cats Extra- Intra- 
cellular cellular kK P Protein 
water water 
Muscle 
mil, mi, mM mM gm. 
Control 13 | 42.0+2.0/298 .143.3)155.841.5112.341.0324+4.0 
Insufficient.. 10 | 50.141.5328.643.5/154.542.2 104.741 .6'28846.7 
Heart 
Control 13 |154.946.2/269.944.2147 +1.5129 +1.0/33840.8 
Insufficient.. 10 |176.2+3.4269.249.2160 +3.2136 +2.134942.9 


* Average + standard error. 


In the muscle of adrenalectomized cats, there is a significant 
increase in water and potassium and but little change in chloride, 
sodium, phosphorus, and protein (see Table II). Table III 
shows that both intracellular. and extracellular water increase 
about 10 per cent, but, owing to the relatively greater volume of 
intracellular water in skeletal muscle, most of the increase in the 
total water of muscle is intracellular. Because of the increase in 
intracellular water dilution of certain cell solutes occurs, as in- 
dicated by decreases in intracellular concentration of phosphorus 
and protein. Nevertheless the concentration of potassium in 
intracellular water remains unchanged. That this interpretation 
is not dependent on the assumption used in calculating extra- 
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cellular water is indicated by other means. In the normal cats, 
the concentration of sodium plus potassium in total muscle water 
is 160, while that of the adrenalectomized cats is 155 mm. Since 
extracellular water accounts for about 12 per cent of total muscle 
water, the drop in concentration of sodium in serum is sufficient 
to account for all the decrease in concentration of sodium plus 
potassium in the muscle water. In other words, the concentration 
of potassium in intracellular water must remain essentially un- 
changed despite the decrease in concentration of sodium in extra- 
cellular water. ; 

In the heart, the changes are not so regular as those found in 
skeletal muscle. In the adrenalectomized cat, the heart muscle 
shows a significant increase in water and a barely significant 
increase in potassium. A study of the individual values indicates 
convincingly that a relative increase in potassium is found in the 
heart muscle in certain cases of adrenal insufficiency. The greatest 
concentration of potassium per 100 gm. of fat-free solids is 44 mm 
for the controls, while four of ten adrenalectomized cats have 
values greater than 44 mm. Cats 111 and 102 have values of 51 
and 48 mm respectively. Both figures are more than 2 standard 
deviations from the mean value for the normal cats and almost 
certainly represent significant increases even for individual 
samples. On the other hand two adrenalectomized cats show 
figures for cardiac potassium that are below the average of the 
normal animals. Thus increase in cardiac potassium in relation 
to fat-free solids may develop but is not a regular finding in adrenal 
insufficiency. 

Table III indicates that the increase in cardiac water is largely 
extracellular. While the errors involved in the calculation of the 
phases of tissue water of the heart are probably greater than in 
skeletal muscle, the estimations are sufficiently accurate to show 
the direction of the changes. In the heart muscle, unlike the 
skeletal muscle, there is no evidence of dilution of the cells. As 
shown in Tables II to V, the calculated concentrations of potas- 
sium as well as protein and phosphorus in intracellular water are 
actually increased. This conclusion is based on the assumption of 
extracellular position of chloride. However, the same conclusion 
is indicated by other means, for the concentration of sodium plus 
potassium in total water of heart muscle is 155 mm per liter for 
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normal cats and 153 for adrenalectomized cats. Since cardiac 
muscle contains considerably more extracellular space than 
skeletal muscle, the decrease in concentration of sodium in extra- 
cellular water accounts for a greater decrease in concentration of 
univalent cations than is found. Such a finding indicates an 
absolute increase in concentration of potassium in intracellular 
water. 

The following facts concerning the cats showing clear cut in- 
creases in cardiac potassium are worth recording. At 9 a.m. 
when it was decided to kill Cat 111, the animal seemed no sicker 
than the others of the adrenalectomized group. However, at 
12.30 p.m. it was observed that this cat was greatly prostrated, the 
pulse was slow, feeble, and irregular, and death seemed likely to 
occur within half an hour. Since the cat was killed at this time, 
the analyses may represent terminal changes. In the case of Cat 
102 the animal did not seem to be moribund. 

As shown in Table II, Cat 103 failed to show an increase in 
muscle or cardiac potassium. This animal seemed symptoma- 
tically to be like the other animals when killed. The concentra- 
tions of chloride and sodium were 119 and 139 mm per liter of 
serum ultrafiltrate, which values are like those found in the other 
adrenalectomized cats. The serum potassium was 5.9 mm, which 
is higher than was found in some cats with definite changes in 
muscle potassium. 

In the liver the differences in electrolyte content per 100 gm. 
of fat-free solids are too small to be significant. The increase in 
water is statistically significant. The increase in protein per 100 
gm. of fat-free solids is also probably significant, since it fits in 
with the well established decrease in liver glycogen of adrenalecto- 
mized animals (6). If one calculates the various concentrations 
per 100 gm. of protein, the slight increase in water, potassium, and 
phosphorus disappears. Since none of the changes per 100 gm. 
of protein is statistically significant, the increase in water per 100 
gm. of fat-free solids probably does not represent a real change in 
tissue hydration but rather an apparent change dependent on the 
loss of liver glycogen. 

In the controls the concentration of sodium plus potassium in 
total liver water is 153 mm, while in the adrenalectomized cats it is 
147. The drop in concentration of sodium in extracellular fluid is . 
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probably sufficient to account for all of the decrease in concentra- 
tion of sodium plus potassium. It seems likely that the liver 
sustains but slight changes in the concentrations of potassium, 
phosphorus, and protein in intracellular water and in the relative 
amounts of these substances in liver cells. 

The kidneys show no change in composition except a possible de- 
crease in sodium and chloride. The difference is about 2 stand- 
ard errors in the case of sodium and slightly less in the case of 


TaBLe IV 
Tissue Analyses of Normal and Adrenalectomized Dogs 








| Con- 

| . : jtent per 

ania Dos Content per 100 gm. fat-free solids a 

Water | Cl | Na! P K Protein| K 

ml. | mm | mM mM mM | gm, | mM 

Muscle | Normal 309 | 339 | 9.7 13.2) 30.7 | 39.5 | 92.2 | 42.8 

308 | 339 | 8.3) 12.3] 32.5 | 42.1 | 92.2 | 45.6 

be | 325 | 345 | 8.4 11.6) 29.3 | 41.8 | 93.4 | 44.8 

Insufficient | 325 | 383 | 8.1| 10.3) 29.8 | 48.0 | 90.8 | 52.9 

_ Normal 327 | 332 | 9.9 14.2) 28.0 | 40.9 | 92.3 | 44.3 

Insufficient 327 | 403 | 9.8) 13.0) 30.9 | 48.3 | 95.4 | 50.6 

| - | $27 | 405 | 12.6 15.9) 31.0 | 47.5 | 93.9 | 50.6 
treated | | 

Insufficient | 327 | 385 | 8.9 11.2) 32.1 | 49.0 | 90.4 | 54.3 

. A | 379 | 6.6) | 32.6 | 46.5 | 93.8 | 49.5 

B 355 9.1) 10.7) 31.3 | 42.4 | 93.6 | 45.3 

Heart Normal 304 | 418 | 19.1 21.4 37.2 | 42.3 | 96.4 | 43.9 

o 305 | 426 | 15.9 20.5 35.8 | 44.7 91.1 | 48.1 

“ 306 | 400 | 14.5 17.2 37.0 | 42.3 | 88.4 47.9 

Insufficient | 327 | 440 | 18.5 21.2) 39.1 | 44.5 | 90.8 | 49.4 

A | 441 | 16.9) 20.7) 36.0 | 45.4 | 90.8 49.9 


7 B 416 | 19.0, 22.2) 37.0 | 45.8 | 89.7 51.0 


chloride. However, the values are so scattered in the two groups 
that a larger number of analyses of tissues selected like those 
presented is not likely to reveal a difference that can be related 
to adrenal insufficiency with certainty. The data seem sufficient 
to exclude the likelihood of an increase in intracellular potassium 
analogous to that demonstrated in muscle. 

Tissue Changes in Adrenalectomized Dogs—The individual values 
for each dog are listed in Tables IV and V, since it is desirable to 
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compare figures obtained from the same animal before and after 
adrenalectomy. All samples of muscle were taken at biopsy under 
nembutal anesthesia except those that were taken immediately 
after death by exsanguination in the last samples listed for Dogs 
327, A, and B. In the case of Dogs 308 and 309, only the speci- 
mens of normal muscle were obtained, since both animals died 
suddenly following adrenalectomy. Dog 325 died about 12 hours 


TABLE V 
Phases of Tissue Water in Normal and Adrenaleciomized Dogs 


Con- 

cen- 

Concentration per | Concentra- | tra- 

Extra-Intra- | liter intracellular — tion per liter tion 


S Dog cellu- | cellu- water serum filtrate per 
oa No. | lar lar liter 


water water serum 


Kk | Pp | P| cine! kK 


tein 

| ml, ml. mM | mM gm. mM mM mM 
Muscle) Normal 309 | 81 | 257 | 153 | 120 | 360 | 120 | 154 | 4.3 
" 308 66 | 273 | 154 | 119 | 337 | 125 151) 3.8 
2 325 | 70 | 275 | 152 | 107 | 344 | 120 | 149 | 4.3 
Insufficient 325 76 | 307 | 155) 97 | 296 106 | 135 | 6.7 
Normal 327 | 77 | 255 | 159 | 110 | 362 128 | 151 | 4.2 
Insufficient 327 87 | 316 153) 98 | 303 112) 133) 6.1 
. 327 | 101 | 304 | 156 | 102 | 309 125 | 145 | 4.9 

treated 
Insufficient | 327, 79 | 306 | 158 | 105 | 294 | 113 | M41 7.1 
- A 62 | 317 | 147 | 103 | 295 | 107 | 130 | 8.1 
a B 76 | 279 | 152 | 112) 335) «126 | 145 7.9 
Heart | Normal 304 159 | 258 | 164 | 144 | 374 | 120 | 149 | 4.3 
" | 305 | 130 | 206 | 151 | 121 | 308 | 121 | 148 | 4.4 
ti 306 «116 «284 | 149 130 | 311 | 125) 151 | 3.5 
Insufficient 327 | 163 277) 158 | 140) 328) «113 | 1417.1 
- A 157 | 284. 156 | 127 | 319 | 107 | 130) 8.1 
7.9 


iy B 151 265 167 | 139 | 338) (126145 


after removal of muscle during adrenal insufficiency despite an 
attempt to revive it with adrenal cortical extract. Since Dog A 
was permitted to go into a terminal state of adrenal insufficiency 
before being killed, the tissues are analogous to those of the 
adrenalectomized cats. Dog B went into a state of collapse about 
3 hours after a determination of renal clearance during which 
KH.PO, was injected intravenously. The animal had been 
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treated for several days with injections of salt solution and had 
received large amounts of sodium chloride and bicarbonate by 
parenteral injection prior to death. 

The changes developing in the muscle and heart of the adre- 
nalectomized dog are essentially the same as those in the adrenalec- 
tomized cat. The muscle potassium per 100 gm. of fat-free solids 
is high in all adrenalectomized dogs except Dog B. In all but 
Dog B, the content of water is elevated in muscle of the adrenalec- 
tomized dog. As shown in Table IV, the increase in water is 
chiefly intracellular and the concentrations of potassium in in- 
tracellular water remain constant, while those of phosphorus and 
protein are low. 

The changes are well shown in Dog 327. The first specimen 
was taken before adrenalectomy and all others after adrenalec- 
tomy. The second specimen was taken when symptoms of adrenal 
insufficiency developed following withdrawal of all treatment with 
salt and adrenal cortical extract. The third specimen was taken 
after repeated daily intraperitoneal injections of a mixture of 
sodium chloride and sodium bicarbonate of double physiological 
strength. At this time the dog had received “salt” without 
cortical extract for 7 days; it had regained its appetite and could 
jump out of its cage. The dog’s collapse during this biopsy 
showed, however, that it was in a precarious state. It was killed 
12 hours later when it was apparent that death was imminent. 
It will be noted that all specimens after adrenalectomy showed 
elevation of muscle potassium. The treatment with salt produced 
high values for muscle sodium and chloride; it restored chloride, 
sodium, and potassium to approximately normal levels in serum 
but did not restore the muscle potassium to normal. 

The data on the dog hearts are insufficient to establish a 
difference between the controls and the animals in adrenal insuf- 
ficiency. In as far as the data go, the analyses indicate that the 
changes are like those demonstrated in the heart muscle of 
adrenalectomized cats. 

Tissue Changes in Nephrectomized Rats—The experiments on 
nephrectomized rats were designed to ascertain the effect of a 
prolonged rise in the concentration of serum potassium on the 
potassium of muscle and liver in animals with intact adrenals. 
A number of rats were subjected to bilateral nephrectomy and 
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killed after varying intervals. Since the animals did not eat, 
tissue breakdown freed potassium and phosphorus as well as 
nitrogen. Five groups of animals were analyzed but it will suffice 
to present the data on one, since this group illustrates the type of 
change found in the others. The group was chosen because the 
changes in tissue hydration were minimal and permitted direct 
comparison with fasted controls. As is shown in Table VI, an 
increase in serum potassium as well as non-protein nitrogen is 
found in the nephrectomized rat. Accompanying these alterations 
in the serum, there is a relative increase in the potassium of the 


























TaBLe VI 
Tissue Analyses of Nephrectomized and Fasted Rats 
Con- 
. ’ Concentra- | cen- 
Concentration per 100 gm. fat-free solids | tion per 100 tration 
gm. protein |per 100 
ml. 
wie Non- 
| Water} Cl | Na | K | P Sic)? iS 
aati Lalfetcoe die 1h femelle pe ier Ra kala ie 
gm. | mu | ma | ma | ma gm. | mu | mae 
Nephrecto- | Muscle) 345 | 7.6, 9.3) 54 | 35 | 95 | 57 | 37 
mized | Liver | 310 12.6) 15.1) 39 | 52 | 90 | 44 | 58 
| Serum* 106 (157.0) 11.7 | 241 
Fasted Muscle! 342 | 7.1 10.6) 48 | 35 | 98 | 49 | 36 
“Liver | 203 | 12.2 12.21 37 | 44 | 83 | 45 | 54 
| Serum*} [117 jua7.o| as} | | 35 




















* Na and Cl concentrations are expressed per liter of serum ultrafiltrate; 
K and non-protein N per volume of serum. 


muscle. The livers do not show analogous changes. The in- 
crease in the proportion of protein per 100 gm. of fat-free solids 
of the liver is probably largely due to decrease in glycogen. 
The concentrations of sodium plus potassium in total water of 
liver and muscle illustrate the differences in reaction of these two 
tissues. The sum of the concentrations of univalent cations in 
muscle water of normal and adrenalectomized rats is, respectively, 
172 and 185 mm, and in liver water 176 and 169 mm. Thus the 
concentration of these ions was rising in muscle water at a time 
when it was falling in liver. The rise in the muscle is chiefly 
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due to the increase in concentration of intracellular potassium. 
It is striking that, in the rather extreme conditions produced by 
nephrectomy, no rise in intracellular potassium is demonstrable 
in the livers. 

The findings in the nephrectomized rats are essentially like those 
of the adrenalectomized rats in advanced adrenal insufficiency; 
in both cases a rise in the concentration of potassium in serum is 
accompanied by an increase in the potassium of intracellular fluids 
of muscle but not in those of the liver. 


DISCUSSION 


The analyses presented above offer further evidence that, in 
adrenal insufficiency, changes in the electrolyte and water con- 
tent of tissue cells accompany the well recognized alterations in 
the concentrations of sodium, chloride, and potassium in extra- 
cellular fluids. Furthermore, it is apparent that skeletal muscle, 
heart, and liver show distinctly different changes. In the discus- 
sion we shall confine ourselves mainly to pointing out to what ex- 
tent the abnormalities in concentration of sodium and potassium 
in serum explain the changes in the tissues. 

The present concepts concerning the factors controlling cellular 
hydration (7, 8) indicate that the decreases in concentration of 
sodium and chloride in serum are the chief cause of the increase 
in the intracellular water of dog and cat muscle. Previously we 
demonstrated that the concentration of solids in intracellular water 
of rat muscle is directly related to the concentration of sodium in 
serum (1). A similar direct relationship can be shown to exist 
for cat muscle both in the present series and in animals with intact 
adrenals.' The transfer of water from extracellular to intra- 
cellular fluids is apparently the chief adjustment of skeletal muscle 
to lowering of the osmolar concentration of extracellular fluids and 
accounts for the increased content of water as well as the dimi- 
nished concentration of phosphorus and protein in intracellular 
water of the muscle of adrenalectomized animals. However, owing 
to the relative increase in muscle potassium, the latter has the 
same concentration in muscle or in intracellular water as is found 
in normal muscle. 


' Yannet, H., and Darrow, D. C., unpublished data. 
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Several facts indicate that this relative retention of potassium 
is a different type of response than the increased hydration of 
muscle cells and is not primarily caused by the decrease in con- 
centration of sodium in serum. For example, one finds relative 
retention of potassium in adrenalectomized rats without increase 
in intracellular water (1). This finding is explained by the fact 
that, in adrenalectomized rats, there is but little decrease in con- 
centration of sodium in serum, although increase in concentra- 
tion of potassium in serum and muscle is a regular finding. Fur- 
thermore, in cats depleted of sodium and chloride by the intra- 
peritoneal injection of 5 per cent solution of glucose followed by 
removal of the fluid after 5 hours, two types of reaction may be 
obtained. In one, marked oliguria, prostration, and increased 
concentration of non-protein nitrogen and potassium in serum 
are produced. In these animals the muscles show as great an 
increase in potassium as has been found in adrenalectomized 
animals. However, if oliguria is prevented and the concentration 
of serum potassium does not increase, relative retention of potas- 
sium in muscle does not develop. Nevertheless in both groups, 
dilution of protein and phosphorus in intracellular water of muscle 
is roughly proportional to the decrease in concentration of sodium 
in serum. The analyses of nephrectomized rats are illustrations 
of the same phenomenon. Retention of potassium in muscle 
cells is not peculiar to adrenal insufficiency but is probably a 
response to prolonged elevation of the concentration of potassium 
in extracellular fluids. 

In the present series as well as other studies in our laboratory, 
the concentration of potassium in serum has not been found to 
vary directly with the concentration of muscle potassium per unit 
of fat-free solids or protein. Nevertheless there is a rough 
relationship, so that the highest concentrations of potassium in 
serum are invariably accompanied by high concentrations of 
potassium in muscle and heart, but occasionally equally high con- 
centrations in muscle are found when serum concentrations are 
only slightly elevated. 

These variations in the relative concentrations of potassium in 
muscle fit in with evidence now available that transfer of potassium 
across the cellular membrane of muscle occurs during muscular 
activity and following changes in the concentration of potassium 
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in extracellular water (9-11). As an illustration of the labile 
character of the concentration of potassium in muscle, we have 
recently found that rats fed for 2 to 3 weeks on a diet very low 
in potassium develop a 10 per cent reduction in potassium in 
relation to fat-free solids, protein, and phosphorus. Observations 
of the weights and behavior reveal no abnormalities. This lability 
in the content of potassium in muscle probably explains the recent 
observations of Bourdillon (9), Winkler and Smith (10), and 
Wilde (11). Their experiments indicate that ingested or injected 
potassium is diluted as if potassium were distributed equally in 
all body water. However, in adrenalectomized dogs, cats, and 
rats, relative increase in potassium is found regularly in skeletal 
muscle, somewhat less regularly in heart, but not in liver, kidney, 
and brain. This statement is also true for experiments leading to 
retention of potassium in muscle of animals with intact adrenals. 

In all these observations, the increased concentration of potas- 
sium within muscle cells is considerably greater than that in serum. 
If similar retention of potassium in muscle cells but not in other 
cells occurs in acute experiments like those cited, the changes in 
muscle potassium would account for the fact that the apparent 
dilution of potassium is that which would be found if the concen- 
tration of potassium increased equally in all body water. 

In the heart of adrenalectomized cats the evidence is that 
potassium may accumulate in the cells much as in skeletal muscle, 
although this response is not as striking or as consistent. How- 
ever, there is no evidence of increase in intracellular water in 
response to the decreased concentration of sodium in serum. 
Apparently heart muscle responds to elevation of serum potassium 
as does skeletal muscle but does not react like it to lowering of the 
concentration of sodium in serum. 

The analyses of liver indicate an increase neither in potassium 
nor water within the cells. 

The effect of loss of sodium and chloride on the volume of 
extracellular fluid in the various tissues is the same as has been 
found in this laboratory in animals with intact adrenals depleted 
of extracellular electrolytes. In other words, muscle and liver 
show no decrease in the volume of extracellular fluids accompany- 
ing the decrease in concentration of sodium and chloride. Since 
in adrenal insufficiency, loss in the total volume of extracellular 
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fluids has been demonstrated (12), reservoirs of extracellular fluid 
other than those of muscle and liver must account for the decrease 
in volume of extracellular fluids. Presumably subcutaneous tis- 
sues in particular give up considerable amounts of water as well 
as of sodium and chloride. 

Just as the changes in extracellular fluids explain the abnor- 
malities in muscle and heart, the disturbances in renal function 
provide the basis for the changes in concentration of extracellular 
fluids. We have shown that, in the adrenalectomized dog, there 
is a disturbance in the function of the renal tubules which is 
responsible for retention of potassium as well as for loss of so- 
dium (13). Since the diminution of glomerular filtration which 
accompanies deficit of sodium and chloride aggravates the defec- 
tive excretion of potassium, large accumulations of potassium 
occur chiefly late in adrenal insufficiency. 

Although relative retention of potassium in muscle and heart 
is not peculiar to adrenal insufficiency, these changes are probably 
important aspects of adrenal cortical insufficiency. These findings 
may eventually be connected with the evidences of increased 
toxicity of potassium in adrenalectomized animals and patients 
with Addison’s disease (14). However, it should be emphasized 
that no direct evidence has been presented that retention of 
potassium is related to the muscular or circulatory weakness of 
adrenal insufficiency. While our data point out this possibility, 
experimental evidence is lacking that intracellular accumulation 
of potassium influences muscle metabolism. 


SUMMARY 


Analyses of tissues of cats and dogs suffering from adrenal 
insufficiency are compared with those of normal animals. Skeletal 
muscle, heart, liver, and kidney show different types of reaction. 

In response to the decrease in concentration of sodium in serum 
occurring in adrenal insufficiency, skeletal muscle shows an increase 
in intracellular water which leads to decrease in the intracellular 
concentration of phosphorus and protein. However, probably 
owing to the increase in concentration of potassium in serum, the 
relative amount of potassium in muscle is increased, so that the 
intracellular concentration is the same as in controls. 

With respect to relative increase in potassium, heart tissue 
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reacts like skeletal muscle, although the change is not as regular 
or as striking. However, no evidence of increase in the intra- 
cellular water of the heart is found. 

The liver and kidney show no striking changes in electrolyte 
and water content. 

Accompanying increase in the concentration of potassium in 
the serum of nephrectomized rats there is an increase in muscle 
potassium but not in liver potassium. 

It is pointed out that the disturbance in renal function accom- 
panying adrenal insufficiency probably explains the changes in 
content of electrolyte and water developing during adrenal 
insufficiency. 
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The type of lipidosis known as Niemann-Pick disease is char- 
acterized, as Klenk was the first to demonstrate (1, 2), by an ac- 
cumulation of considerable amounts of sphingomyelin in the 
spleen, brain, and liver. This interesting finding makes it possible 
to differentiate this type of lipidosis from other disturbances of 
lipid metabolism (e.g. Gaucher’s and Schueller-Christian’s dis- 
eases). (For a complete treatment of the chemistry and pathol- 
ogy of Niemann-Pick disease, compare (3).) 

In a recent publication from this laboratory (4) there was 
described the isolation from the spleen in a case of Niemann- 
Pick disease of a lipid fraction which acted as an inhibitor of blood 
clotting and was found to accompany the sphingomyelin fraction. 
That report is now supplemented by a brief description of the 
chemical composition of this spleen and in particular of the 
sphingomyelin fraction. 

EXPERIMENTAL 
Sphingomyelin Content of Blood 

In an attempt to determine the amount of sphingomyelin 
present in the blood in Niemann-Pick disease the method of 
Thannhauser and Setz (5) was employed. To 19 cc. of blood 
obtained from the patient, an 8 month-old male child, 10 mg. of 
heparin (Hoffmann-La Roche) were added. The blood was 
concentrated to dryness in the frozen state by means of a Hyvac 
pump, and the residue (3.03 gm.) was mixed with sand and ex- 


* This work has been supported by a grant from the John and Mary R. 
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tracted with a 1:1 chloroform-methy! alcohol mixture for 16 
hours. After concentration the total extract was contained in 10 
cc. of chloroform-methyl] alcohol. From 2 cc. aliquots an average 
of 5.2 mg. of reineckate was obtained, corresponding to 120 mg 
of sphingomyelin in 100 ec. of blood. 


Composition of Spleen 


Extraction—40 days after the spingomyelin determination 
described in the preceding paragraph the spleen had to be re- 
moved by operation and was found to weigh 180 gm. The lipids 
were extracted from the portion of the spleen at our disposal 
(105 gm.) according to the procedure of Klenk (1). All opera- 
tions were, as far as possible, carried out in an inert gas atmos- 
phere with freshly distilled purified solvents. The organ was 
briefly dehydrated with acetone and then subjected in the Soxhlet 
apparatus to two extractions with acetone (for 14 and 8 hours, 
respectively), one extraction with ether for 18 hours, and one 
extraction with methyl alcohol-chloroform (3:1) for 12 hours. 
The dry organ powder weighed 30.92 gm. before and 12.21 gm. 
after the extractions. 

Separation of Phosphatides—The acetone extracts deposited on 
cooling 2.20 gm. of a white powder and, after concentration in 
vacuo to a small volume, 1.36 gm. of a similar material (Fraction 
A). This fraction, consisting of a mixture of sphingomyelin, 
monoaminophosphatides, and cholesterol, was treated with 30 
ec. of ice-cold ether. The ether-insoluble material (Fraction B) 
weighed 870 mg. The ether mother liquor on concentration and 
cooling deposited Fraction C, 410 mg. of a white substance. After 
prolonged cooling a further crystallized product was obtained 
from the mother liquor, which consisted of pure cholesterol (m.p. 
147°). The filtrate from the cholesterol contained monoamino- 
phosphatides, the isolation of which will be described later in 
the paper. 

Fractions B and C were combined, dissolved in 25 cc. of ligroin- 
absolute alcohol (5:1), and 50 ec. of absolute alcohol were added. 
A small amount of precipitate was removed, the solution evapo- 
rated in vacuo, and the residue recrystallized from ethyl acetate. 
The white microcrystalline powder obtained (Fraction D) weighed 
1.04 gm. and consisted of pure sphingomyelin. Found, N 3.0, 
P 3.4 (P:N = 1:2), iodine value (6) 32.8. 
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The ether extract did not deposit any material after concentra- 
tion and cooling and, therefore, was practically free of cerebrosides. 
It yielded, after precipitation with acetone, the main mono- 
aminophosphatide fraction (Fraction E), which was purified by 
reprecipitation. It consisted of 2.12 gm. of a light brown pow- 
der. Found, P 3.5, N 1.8, amino N 1.2. Asis apparent from the 
amino nitrogen value, this fraction contained a remarkably high 
percentage, 66.7, of cephalin. 

From the concentrated chloroform-methyl alcohol extract the 
crude sphingomyelin was obtained by precipitation with acetone, 
5.48 gm. of a light brown powder. This fraction, in addition to 
the bulk of sphingomyelin, was found to contain the lipid in- 
hibitor of blood clotting described in a previous publication (4). 
The material, after treatment with 50 cc. of ether which removed 
a small amount of monoaminophosphatides, weighed 5.35 gm. 
(Fraction F). The substance was purified by precipitation with 
acetone from its solution in warm glacial acetic acid. (The acetic 
acid solution did not deposit any cerebrosides.) The lipid in- 
hibitor was then removed by addition of absolute alcohol to a 
solution of the fraction in ligroin-absolute alcohol (5:1), as previ- 
ously described (4). The ligroin-alcohol solution of the sphingo- 
myelin was concentrated in vacuo to a small volume, and the dark 
colored solution was diluted with petroleum ether-absolute alco- 
hol (4:1) and subjected to a chromatographic adsorption. By 
slow filtration through a column (160 X 15 mm.) containing 
aluminum oxide (activated according to Brockmann) and subse- 
quent development of the chromatogram with petroleum ether- 
alcohol a colorless filtrate could be obtained. The colored im- 
purity was retained at the top of the adsorption column in the 
form of a diffuse brown stripe 4 em. wide which could not be 
eluted. Elution of the adsorbent with alcohol-chloroform (2:1) 
yielded only 300 mg. of sphingomyelin. The main portion of 
sphingomyelin recovered from the filtrate was purified by precipi- 
tation with acetone from a chloroform solution and by recrystalli- 
zation from ethyl acetate. It formed 2.89 gm. of a white powder 
(Fraction G). Found, N 3.5, P 3.7 (P:N = 1:2.1), iodine value 
(6) 32.3. 

The ether mother liquor, from which Fractions A, B, C, and 
cholesterol had been isolated, was combined with the mother 
liquor of Fraction F. After concentration and precipitation 
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with acetone a second monoaminophosphatide fraction was ob- 
tained, weighing 560 mg. (Fraction H). Found, N 1.1, amino N 
0.9, P 2.4. In this fraction cephalin, therefore, amounted to 
about 82 per cent of the phosphatides. 


Composition of Sphingomyelin 


Fatty Acids—A total of 2.30 gm. of sphingomyelin (0.5 gm. of 
Fraction D, 1.8 gm. of Fraction G) was hydrolyzed for 6 hours 
under a reflux with 80 cc. of methyl alcohol containing 8 gm. of 
sulfuric acid. The hydrolysis mixture on cooling deposited beau- 
tiful crystals of lignoceric acid methyl ester, weighing 320 mg. 
After two crystallizations from methyl alcohol 210 mg. of the 
ester with a melting point of 58—58.5° were obtained. The free 
lignoceric acid prepared by saponification was twice recrystallized 


TaBLe I 
Distillation of Fatty Acid Methyl Esters from Sphingomyelin 























| ‘Distilling 
Fraction No. | temperature Hg pressure Weight 
(upper limit) | 
o—_ . mm. 
1 106 3 X 10-¢ | 370 
2 154 4x 10°5 180 
3 205 8 x 10° 30 
4 (Residue) > 205 30 


from acetone and once from methyl alcohol. It was obtained 
in the form of glittering plates, weighing 170 mg., m.p. 80-80.5°. 
By titration with alcoholic KOH a molecular weight of 366.2 
was found (calculated for CaHisO2, mol. wt. 368.4). 

The filtrate from the lignoceric acid methyl ester containing 
the remaining fatty acid esters was extracted three times with 
petroleum ether. The petroleum ether extract after washing, 
drying, and evaporation yielded the fatty acid methyl esters, 613.2 
mg. of a light yellow oil. The esters were subjected to distillation 
in high vacuum in an arrangement similar to the one previously 
described (7, 8). The results of the fractionation are reproduced 
in Table I. Fraction 1 was redistilled in a high vacuum, when 
practically all distilled between 90° and 102° at a pressure of 
4 X 10-* mm. of Hg. 
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After saponification Fraction 1 yielded 368.4 mg. of a white 
crystalline substance; Fraction 2, 179.0 mg. of a yellow oil con- 
taining some crystalline material. The acids were separated into 
solid and liquid fractions by the customary lead salt-alcohol pro- 
cedure; Fraction 1 yielded 118.3 mg. of solid and 238.6 mg. of 
liquid fraction; Fraction 2, 35.8 mg. of solid and 130.1 mg. of 
liquid acids. 

The solid acid Fractions 1 and 2 consisted obviously of a mix- 
ture of palmitic and stearic acids in accordance with the findings 
of Klenk (1) and Tropp and Eckardt (9). Fraction 1 after three 
crystallizations from methyl alcohol was obtained as a white 
crystalline powder, weighing 36.7 mg., which melted at 61° and 
had a molecular weight (by titration) of 273.0 (calculated for 
CysH 202 256.3; for CygH gO. 284.3). 

The examination of the liquid acid Fraction 1 could not be 
carried to completion because of an accident. The liquid Fraction 
2 gave an iodine value (10) of 47.3; but, contrary to expectation, 
it was found to contain mostly neutral constituents; its equivalent 
weight (by titration) was 1860. A portion of this fraction 
(90.9 mg.) was catalytically hydrogenated,’ when 93.8 mg. of a 
solid white substance were obtained. This material was sub- 
jected to a lead salt-alcohol separation. From the alcohol- 
insoluble fraction 43.9 mg. of a white powder were obtained which 
was recrystallized from methyl alcohol and from acetone-methyl 
alcohol (1:1). This product, 21.3 mg. of white flakes melting not 
sharply at 60-61°, seemed to consist mainly of neutral substances, 
for the apparent equivalent weight was 2980. 

Sphingosine—The isolation of sphingosine was carried out by a 
method similar to that of Klenk and Diebold (10). The crude 
sphingosine prepared from the acidic methyl alcohol solution 
from which the fatty acid esters had been extracted weighed 450 
mg. It was converted into the sulfate and several times recrystal- 
lized from methyl alcohol. The pure sphingosine sulfate crystal- 
lized in rosettes of very fine needles and weighed 140 mg. 


CysH0sN.8 (696.6). Calculated. C 61.9, H 11.0, N 4.0, 8 4.6 
Found. * 61.5, “ 10.6, “ 3.9, “4.8 





1 Nervonic acid, Cy4HO,, if present, would on hydrogenation have 
given rise to lignoceric acid. 
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Pathological Report.2, Gross—The spleen weighs 180 gm. and measures 
12 X 8 X 5.5em. The capsule is smooth. The organ is of usual shape, 
and on the anterior border are two shallow fissures, less than 1 em. long. 
The edges are rounded. The organ is of unusual color and is pale yellow- 
ish pink, with small, slightly depressed pale gray areas 1 to 2 mm: in di- 
ameter mottling the surface. The spleen is tense and several cc. of b!ood 
have oozed from the cut vessels. The organ is moderately soft. On 
section of the organ the cut surface is pale yellowish pink and homogeneous 
in appearance, except for a stippling with deep red, circumscribed, trans- 
lucent areas 0.5 to 1 mm. wide. 

Microscopic—The normal cells of the splenic pulp are greatly reduced in 
number, since most of the space is occupied by mononuclear cells with 
foamy cytoplasm. These are generally infiltrating throughout, with 
narrow strips of pulp occupying small channels between masses of them. 
These cells vary in size from 2 to 20 times the diameter of a red cell, most 
of them being of the larger diameter. They are arranged in flat pavement 
or mosaic pattern. The greater part of each cell is occupied by the cyto- 
plasm which is pale and finely vacuolated or “foamy.’’ The nucleus is 
central or eccentric and contains one nucleolus. The splenic pulp cells 
are erythrocytes, small and large cells of the myeloid and lymphoid series. 
Eosinophiles are fairly conspicuous. The malpighian bodies occur as 
small aggregations of lymphoid cells and several of these appear to have 
active germinal centers. Lipid-containing cells occur also in these fol- 
licles. The capsule appears normal. 

In frozen sections of formalin-fixed material the large mononuclear foam 
cells fail to stain with Sudan III and with polarized light no doubly re- 
fractive bodies are demonstrable in the cytoplasm. In tissue treated 
according to Ciaccio’s method for the staining of lipids and stained with 
Sudan III the “foam’’ cells in some areas have taken on an orange-yellow 
stain. 


DISCUSSION 


Following the important studies of Epstein and Lorenz (11) 
Klenk (1, 2), as has been pointed out before, was able to demon- 
strate the accumulation of large amounts of sphingomyelin in the 
organs in Niemann-Pick disease. In the meantime, sphingo- 
myelin has been isolated from the spleen in one more case and sub- 
jected to a partial chemical analysis (9). The results described 
in the present study furnish a complete confirmation of the con- 
tention that the ether-insoluble phosphatide deposited in, or, 
more probably, produced by the spleen in Niemann-Pick disease 
is a mixture of sphingomyelins. Sphingosine and lignoceric 


* Supplied by Dr. Beryl H. Paige, Babies Hospital. 
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acid were isolated in the pure state and the presence of palmitic 
and stearic acids was shown to be probable. A decision as to the 
presence of unsaturated fatty acids in our preparation is more 
difficult. While the occurrence of nervonic acid, CoH Os, in 
sphingomyelin from human brain has been demonstrated by 
Merz (12), its presence in the spleen sphingomyelin in Niemann- 
Pick disease has not been proved by isolation. No evidence for 
the presence of nervonic acid, if of any unsaturated acids, was ob- 
tained in this study. 

The phosphatide distribution in the spleen studied here is shown 
in Table II. The figure for sphingomyelin is based on the com- 
bined weights of Fractions D and F after subtraction of the 
weight of the lipid clotting inhibitor (4). The figure for the 


Taste Il 
Distribution of Phosphatides in Spleen 


Per cent of spleen 


Fraction Weight eee we . 
| Fresh organ | Dried organ* 
(106.0gm.) | (30.9 gm.) 
gm. | | 
Sphingomyelin 5.4 5.1 17.5 
Monoaminophosphatidest 2.2 2.1 7.1 
2.6 


Lipid inhibitor (4). i 0.8 0.8 


* After brief dehydration with acetone. 
t Calculated on the basis of a theoretical P content of 4.0 per cent. 


monoaminophosphatides (lecithin and cephalin) is arrived at by 
combination of the weights of Fractions E and H, the theoretical 
average P content of these phosphatides being taken as 4.0 per 
cent. If comparison is made with the lipid content of normal 
spleens, as summarized by Baumann ef al. (3), one may conclude 
that the spleen in Niemann-Pick disease shows a very large 
increase in sphingomyelin and a slight increase in monoamino- 
phosphatides. (Compare also (13).) No evidence was found 
of the occurrence of cerebrosides. 

In this connection one interesting point should be mentioned. 
On the basis of the ratio of amino nitrogen to total nitrogen 
about 70 per cent of the monoaminophosphatides described in this 
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paper consisted of cephalin. The complete lack of similar data 
on cases of Niemann-Pick disease previously studied and on nor- 
mal spleens makes it impossible to decide whether this finding 
is of significance. It has been pointed out before (14) that lecithin 
and cephalin may have entirely different biological functions. 
There are many indications that lecithin is concerned with the 
intermediary fatty acid metabolism. In a recent paper from this 
laboratory (15) the conclusion was drawn from experiments with 
radioactive phosphorus that the syntheses of lecithin and cephalin 
in the body did not follow the same course and that the amount 
of newly formed lecithin was considerably higher than that of 
cephalin. Recently Sinclair (16) has arrived at similar conclu- 
sions by the use of his elaidic acid technique. If this conception 
is correct, it could be readily understood that disturbances in the 
fatty acid metabolism would be accompanied by a depletion in 
lecithin and proportionate increase in the amount of cephalin 
present. Another possibility which it would be of great interest 
to determine is whether the lipidosis of the Niemann-Pick type 
may not have its origin in a deviation of the normal choline (or 
choline phosphoric acid) metabolism by which, instead of lecithin, 
sphingomyelin is formed. In this connection it also will be of 
value to see whether in a disease normally not counted among the 
lipidoses, viz. the fatty infiltration of the liver which can be pre- 
vented by the administration of choline (compare (17)), cephalin 
predominates in the organ. 

For a consideration of the pathogenesis of Niemann-Pick dis- 
ease reference may be made to the interesting discussions by Bau- 
mann et al. (3) and Freudenberg (18). The analysis of the 
sphingomyelin content of the blood in our case is in harmony 
with the current conception of Niemann-Pick disease (3) according 
to which this lipidosis is due to a cellular dysfunction of the tissues 
themselves rather than to the storage of lipids taken up from the 
blood. Our value of 120 mg. of sphingomyelin in 100 cc. of blood 
is within the range reported for serum sphingomyelin in normal 
adults (5). 


The author is indebted to the Medical Staff of the Babies Hos- 
pital for the spleen examined in the present paper and to Mr. W. 
Saschek for some of the microanalyses reported. 
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SUMMARY 


Sphingomyelin, accumulated in large amounts in the spleen in 


a case of Niemann-Pick disease, yielded on hydrolysis sphingo- 
sine, lignoceric acid, and a mixture of palmitic and stearic acids. 
The monoaminophosphatides consisted to a high degree (70 per 
cent) of cephalin. 


— 
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PREPARATION OF VITAMIN B, FROM NATURAL SOURCES 


By R. D. GREENE 


(From the Vitamin Research Laboratory of E. R. Squibb and Sons, 
New Brunswick) 


(Received for publication, June 10, 1939) 


Vitamin Be, the rat antiacrodynia factor, which was first de- 
scribed by Gyérgy (1), has been isolated in several laboratories 
(2-6) and has recently been synthesized by Harris and Folkers (7). 
During the last 2 years we have been working on the preparation 
of vitamin B, for use in our physiological and chemical studies and 
have developed a satisfactory method which may be of interest to 
others who are investigating the vitamin B complex. 

Adsorption on fullers’ earth has usually been employed as an 
early step in the concentration of vitamin Bs. In our experience 
very large quantities of fullers’ earth were required and the yields 
were very low, so that other means of concentration were investi- 
gated. In earlier work we had found that certain immiscible 
solvent systems were very useful in the concentration of vitamin 
B, (8) and riboflavin (9), so that an investigation of similar 
procedures in the preparation of vitamin Bs was undertaken. 
It was found that a considerable degree of purification could be 
accomplished. The quantity of fullers’ earth that was required 
was very greatly reduced and the yields were increased after the 
purification by solvents and especially after further concentration 
by treatment with silver or copper salts. 


EXPERIMENTAL 


Tests for Vitamin B,—A biological test based on that of Lep- 
kovsky and coworkers (10) was used. Rats 21 days old were fed 
a basal diet of Labco casein 20 parts, sucrose 73, Osborne and 
Mendel’s (11) salt mixture 4, agar-agar 2, and cod liver oil 1. 
Daily supplements of a liver filtrate fraction (10) and 20 micro- 
grams each of thiamine chloride and riboflavin were fed. Growth 
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ceased in 3 to 4 weeks and the rats showed the characteristic 
dermatitis in 6 to 10 weeks. Vitamin Bs was measured by growth 
and cure of the dermatitis. 

The ferric chloride reaction (3) was found to be very useful in 
the estimation of vitamin Bs in the more highly refined concen- 
trates. Standard tubes 1 cm. in diameter containing 10 to 100 
micrograms of crystalline vitamin Bs in 1 ml. of water were pre- 
pared. 1 drop (0.03 ml.) of an aqueous 10 per cent solution of 
ferric chloride was added to each tube and also to a 1 ml. portion 
of the neutral solution of the unknown. Vitamin Bg, was estimated 
by visual comparison of the red-brown color developed in the 
standards and in the sample. 


TaBLe | 
Distribution Coefficients of Vitamin Bz in Solvent-Aqueous Systems at 23° 


























| _ pH2 pH7 | pH 12 
Solvent Satu: Satu- | Satu 
HO 3 H:O | rated | HiO | rated 
Nec NaCl | NaCl 
Sa 2.3 |45 |9.0 | 87 | 
then <n 400 chaedas 0.55 5.7 | 
Benzyl alcohol............. 0.11 1.0 | 0.82 1.9 | 0.03 | 0.09 
Siadsccsecis cess « | 0.28 1.1 | 0.32 
n-Butanol.................. 0.04 | 0.07| 0.43 | 0.82| 0.05 | 0.11 
Ethyl ether................ 0.0005 | 0.008 | 00.004 | 





Distribution of Vitamin Bz in Immiscible Solvent Systems—The 
distribution coefficients of pure vitamin Bg in various immiscible 
solvent systems were determined and Table I contains the data 
on the more interesting ones. 

In general the coefficients were determined as follows: 2.0 ml. 
of a 0.01 per cent solution of vitamin Bs, hydrochloride in water 
or a saturated solution of sodium chloride, adjusted to the indi- 
cated pH, were shaken for 3 minutes with 2.0 ml. of a solvent. In 
some cases it was necessary to use more concentrated solutions 
or larger volumes of solvent in order that each phase might contain 
sufficient vitamin B, for measurement. The separated layers were 
measured and filtered and aliquots of 1 ml. were removed for test. 
The aqueous aliquots were acidified to pH 2 with hydrochloric 
acid and freed from less volatile solvents by shaking with a 2:1 
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mixture of ether-hexane, traces of which were then removed 
in vacuo. The solvent aliquots were shaken with small portions 
of 0.01 n hydrochloric acid in the presence of ether-hexane (2:1) 
to transfer the vitamin to aqueous solution, and then held in vacuo 
to remove traces of these solvents. All the solvent-free aliquots 
were adjusted to a pH of 7 and a volume of 1 ml. and vitamin B, 
was determined by the ferric chloride test. 

Although the results which were obtained with pure vitamin Bs, 
were not directly applicable to the crude extracts, because of the 
possible effects of other substances on the distribution of the vita- 
min, they served as useful guides in the choice of solvents and 
conditions for their use. 

Preparation of the Crystalline Vitamin—For initial concentration 
of vitamin B,s from an aqueous rice bran extract,’ propanol, 
butanol, or ether was used. Phenol or cresols were found to 
extract vitamin B, very readily but were not selective enough to 
be very useful. 

When propanol or butanol was used, the rice bran extract was 
diluted with one-fifth its weight of water and saturated with 
sodium chloride. The pH of the solution was adjusted to 7.5 
and four extractions were made with 3 to 4 volumes of solvent. 
The extracts were evaporated in vacuo and the resulting concen- 
trates were further purified by means of ether. Direct extraction 
of the vitamin from the crude syrup with ether was a simpler 
procedure, but it was sometimes preferable to perform the pre- 
liminary extraction with these less selective solvents in order to 
increase the size of the lots which could be treated with ether in a 
continuous extractor. 

5 kilos of the rice bran extract were diluted with 1 liter of water 
and the pH was adjusted to 7.5 with sodium hydroxide. The 
solution was put into three 2 liter Kutscher-Steudel extractors 
and extracted continuously with ether for 10 days. The extract 
contained 25 gm. of solids and a rat assay indicated that about 
40 per cent of the vitamin Bs had been extracted, making about 
a 50-fold increase in the ratio of activity to solids. The ether 
extract was washed twice with 0.2 volume of 0.1 N sulfuric acid. 


1 The rice bran extract was similar to that used by Lepkovsky (2). It 
was found by rat assay to contain 70 micrograms of vitamin B, per gm. and 
contained 70 per cent solids. 
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The aqueous washings, containing the vitamin, were concentrated 
in vacuo to 200 ml. The pH was adjusted to 7.5 with barium 
hydroxide and a solution of 9.5 gm. of silver nitrate in 20 ml. of 
water was added. After centrifuging to remove the silver precipi- 
tate, excess silver in solution was removed as the chloride and the 
pH of the solution was adjusted to 2 with hydrochloric acid. 
After being stirred for 1 hour with 15 gm. of Lloyd’s reagent, the 
solution gave but a faint color with ferric chloride, indicating 
almost complete adsorption of vitamin Bs, which was confirmed 
by rat assay. The adsorbate was separated by centrifuging and 
washed with 75 ml. of 0.01 N hydrochloric acid. Elution was 
carried out with four 100 ml. portions of 0.2 N barium hydroxide. 
Sulfuric acid was added to the combined eluates to adjust the pH 
to 3 and then a slight excess of barium chloride was added. After 
removal of the barium sulfate by centrifugation, the aqueous 
solution was concentrated to a thick syrup and taken up in 10 ml. 
of boiling absolute alcohol. The solution was held at 0° for 
several hours and insoluble matter was removed by centrifugation. 
The alcoholic solution was evaporated to 2 to 3 ml. and taken up 
in 20 ml. of boiling acetone. The mixture was immediately centri- 
fuged and soon clusters of crystals appeared in the decanted, clear 
solution. A second crop of crystals, obtained from the mother 
liquor after the addition of 10 ml. of ether, brought the total to 
62.5mg. On recrystallization of this material from absolute alco- 
hol 50 mg. of nearly colorless crystals melting at 207—208° were 
obtained. 

10 micrograms of the crystals per day produced a weekly gain 
of 9 to 10 gm. in rats which were depleted of vitamin Be, and cured 
the dermatitis in 2 to 3 weeks. The crystals gave an intense red- 
brown color with ferric chloride and in 0.01 nN hydrochloric acid 
showed strong absorption in the range 2750 to 3070 A., with a 
maximum at about 2910 A. These properties are in agreement 
with those previously reported for vitamin Bs. The yields of the 
crystalline vitamin in several experiments are shown in Table II. 


DISCUSSION 


Rice bran extracts contain large quantities of substances which 
are readily adsorbable by fullers’ earth and interfere with the 
adsorption of vitamin Bs. Some of these substances were less 
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readily extracted by propanol, butanol, or ether than was vitamin 
Bs, so that extraction with these solvents yielded concentrates 
which were more favorable for the adsorption step. Purines and 
nicotinic acid were among the substances that interfered, and 
their removal by treatment with silver or copper salts, following 
the solvent purification, made the adsorption of vitamin Be still 
more specific. 

It was observed that propanol, butanol, or ether never removed 
more than 50 to 60 per cent of the vitamin B, from the rice bran 


TaBLe Il 
Yields of Crystalline Vitamin B, Hydrochloride 





| Vitamin Bs hydrochloride | 





5 ~ Syrup* | to — | Pd 
Calculated | Isolated | 
"y kg. mg. mg. °C. 
sit 10 70006] «1107S | 5—s|s(206-207 
95t 2 140 14.5 10 204-205 
107 5 350 50 14 | 207-208 


109§ 45 3150 333 10 205-206 


* The rice bran extract was similar to that used by Lepkovsky (2). 
It was found by rat assay to contain 70 micrograms of vitamin B, per 
gm. and contained 70 per cent solids. 

t Initial extraction with propanol. 

t Initial extraction with ether. 

§ Initial extraction with butanol. 


syrup, even with prolonged extraction. This may have been due 
to the existence of vitamin Bs partially in a bound form, as 
observed in yeast by Kuhn and Wendt (5). 


SUMMARY 


1. Distribution coefficients of vitamin Be. in a number of 
immiscible solvent systems were determined and it was found 
that propanol, butanol, and especially ether were very useful in 
the concentration of this factor. 

2. A method for the preparation of crystalline vitamin Bs, from 
rice bran extract is described. Yields of 10 to 15 per cent were 
obtained. 
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The author is indebted to Dr. A. Black for advice and help in 


the course of the work, to Mr. H. L. Sassaman for the animal 
assays, and to Dr. N. H. Coy for the spectroscopic data. 
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SULFHYDRYL GROUPS IN PROTEINS 


III. THE EFFECT ON EGG ALBUMIN OF VARIOUS SALTS OF 
GUANIDINE 


By JESSE P. GREENSTEIN 


(From the Department of Physical Chemistry, Harvard Medical School, 
Boston) 


(Received for publication, July 20, 1939) 


The denaturation of certain proteins is characterized in part by 
the appearance of titratable sulfhydryl groups (8, 11, 13).'_ More- 
over, the proportion of these groups which appears in any one 
protein is dependent upon the method of denaturation employed 
(3, 5,6). Proteins dissolved in solutions of urea, guanidine hydro- 
chloride, and related substances show widely different amounts of 
sulfhydryl groups which depend on the nature and the concen- 
tration of the reagent. For all of the proteins investigated, 
the greatest proportion of titratable sulfhydryl groups appears 
in solutions of guanidine hydrochloride.’ 

From studies of a single guanidine salt, it is difficult to assess 
the contribution to the denaturation of protein by either the cat- 
ion or anion. That certain anions are capable of serving as 
denaturing agents is evident, for example, from the long noted 
effect of iodide, thiocyanate, and salicylate on proteins (10, 12). 
In order to compare the relative effects of a number of anions, 
the present investigation was extended to egg albumin dissolved 
in several guanidine salts. 


1 In an interesting and stimulating paper, Harris has shown that pep- 
sin as well as a wide variety of denaturing agents sets free sulfhydryl 
groups in egg albumin (7). 

* Horse serum proteins coagulated by heat (13) or, dissolved in saturated 
urea solution (8) have been reported to give a negative reaction for —SH 
groups. In high concentration in 16.6 m guanidine or methylguanidine 
hydrochloride they give a positive test for —SH groups (unpublished 
observations). Under such conditions, these groups have been found in 
all fractions of the serum. 
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EXPERIMENTAL 


The egg albumin was crystallized five times and dialyzed until 
free of ammonium sulfate. The concentration of protein was 
determined by means of dry weight analyses. 

The various guanidine salts were products of Hoffmann-La 
Roche, Inc., and the Eastman Kodak Company. Guanidine 
hydrobromide and hydroiodide were prepared by treating the 
carbonate with an equivalent amount of the twice distilled acid. 
The solutions were then evaporated to dryness in a vacuum desic- 
cator over P,O; and solid KOH. The salts were repeatedly 
ground in a mortar with v.s.p. ether, and dried. N-Acetyl ar- 
ginine was prepared according to the method of Bergmann and 
Késter (1). The synthesis of homoarginine sulfate has already 
been described (4). 

The method for the estimation of protein —SH groups consists 
in titrating the protein with porphyrindin (5, 6, 9). When the 
dye is added to an aqueous solution of native egg albumin, no 
reduction appears to occur. When, however, the protein is dis- 
solved in solutions of certain guanidine salts, free —-SH groups 
appear, and a certain amount of the dye added to such solutions 
becomes reduced to the colorless leuco form. The titrations were 
conducted by adding to the solution of protein in guanidine salts 
a solution of porphyrindin until a negative nitroprusside reaction 
was obtained. The amount of dye reduced by the protein was 
expressed in terms of its equivalent of cysteine per 100 gm. of 
protein. All determinations were performed in quadruplicate. 
The temperature was 25°. The titrations were performed at an 
interval of 45 minutes from the time of mixing the protein solu- 
tions with the reagents (5). 

Inasmuch as the titrations were conducted in the presence of 
the guanidine salts, it was necessary to determine whether these 
salts have any effect on the reaction of sulfhydryl groups with 
porphyrindin. A standard solution of cysteine was titrated in 
the presence of each of the guanidine salts studied. The concen- 
trations of the latter were generally 6m. The titration with por- 
phyrindin was essentially stoichiometric except for the iodide and 
the thiocyanate of guanidine whose titration values were about 
10 to 15 per cent low. The latter results may perhaps be due to 
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traces of oxidizing impurities from which the salts were not com- 
pletely free. 

The effects of various concentrations of the guanidine halides and 
thiocyanate on egg albumin, expressed as cysteine per 100 gm. 
of protein, are given in Table I. 


TaBLe | 
Effect of Varying Concentrations of Guanidine Salts on Egg Albumin 


The protein concentration was 2.5 per cent. In each test 2.0 cc. of pro- 
tein solution were used. The dye was employed in 2.32 X 10°? m 
concentration (0.065 per cent) in water. 


Dye Cysteine 


Reagent 

= - : a 

pergm. | Guani-  Guani- | Guani- | Guani- Guani- | Guani- | Guani- | Guani- 
HO ine dine ine ine dine | dine dine dine 

HCl HBr HI HSCN HCl HBr HI | HSCN 

mM mM X 10° maw X 104 maw X10 mw X10') percent | percent | percent per cent 
0 0 | 0 0 0 0 0 0 | O 
0.12) 0 0 0 0 0 ee em 
0.25| O 0 0 0 0 0* | 0* Bia 
0.50 0 0 0 0 0 0* | O* 0* 
1.0 0 4.4 10.8 4.4 | 0° 0.22* | 0.54* | 0.22* 
2.0 0 21.0 19.0 10.8 | 0* | 1.05* | 0.95*| 0.54* 
3.0 0 25.0 22.0 21.0 0* 1.25 | 1.10 1.05* 
4.0 5.4 24.0 23.0 22.0 0.27 1.20 | 1.15 1.10 
5.0 | 24.8 | 25.0 | 23.0 | 23.0 | 1.24 | 1.25 | 1.15 | 1.15 
6.0 25.6 26.0 23.0 23 .6 1.28 1.30 | 1.15 | 1.18 
8.0 26.0 25.0 22.4 22.0 1.30 1.25 | 1.12 | 1.10 
12.0 25.0 26.0 21.6 21.0 1.25 1.30 1.08 1.05 


16.6 26.0 1.30 


* Precipitate. 


There are distinct differences in the relative effects of the vari- 
ous guanidine salts at the lower concentrations. Precipitation of 
the protein occurred at the lower concentrations of the guanidine 
salts studied without the appearance of —-SH groups. At some- 


® The decolorization of the dye is quite rapid in solutions of cysteine and 
the various guanidine salts. In solutions of protein with guanidine salts, 
with the exception of the iodide and thiocyanate, the rate of reduction is 
appreciably slower, and appears to be inversely proportional to the vis- 
cosity of the solution. In the presence of guanidine hydroiodide and thio- 
eyanate, the dye is decolorized very rapidly by the protein —SH groups. 
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what higher concentration, the precipitated protein gave tests for 
the presence of —SH groups. At still higher concentrations of the 
salts, the protein remained in solution and revealed the maximum 
number of sulfhydryl groups.‘ 


TaBLeE II 
Egg Albumin in Solutions of Various Guanidine Salts 


The concentration of protein was 2.5 per cent. In each test 2.0 cc. of 
protein solution were used. The dye was employed in 2.32 X 10-* m concen- 
tration (0.065 per cent) in water. 





| Concen- 
Guanidine salt | = of | | 








per cent 
OCs. icc acdhin as sceabble nies 1.0 11.0 | 0.55 
ae AR eh i eer} @¢ | @ 
” NR At ceok ay lab kcld $0 be 6.0 0 | QO 
- ES A eae eRe | 6.0 | 0 | 0 
Methylguanidine HCl..................... 6.0 | 24.8 | 1.24 
- so i cin Sener ah 10 | 11.0 | 0.55 
1. H,S0, ea pe | 68 | © 0 
as-Dimethylguanidine HCl................. 6.0 | 14.0 | 0.7 
a ais ees cette 1.0* | 0 | O 
EET | 4.0 0 0 
Homoarginine H,SQ,...................... 3.0* | 0 | 0 
ee | 3.0 | 0 0 





* The concentrations of the sulfates are on a normal instead of a molar 
basis, so as to make the concentration of guanidine comparable with that 
of the other guanidine salts. 


Studies upon various guanidine derivatives are reported in 
Table II. Inasmuch as the maximum number of —SH groups 
appears in solutions of the guanidine halides at 6 M, it was de- 
cided to compare the effects of the soluble guanidine derivatives 


‘Comparable experiments were made with potassium chloride, bro- 
mide, iodide, and thiocyanate. The first two salts appeared to have no 
effect on the protein. The iodide and thiocyanate, however, from 2 to6™m 
concentration precipitated the protein without the appearance of —SH 
groups. Above 6 m concentration these two salts precipitated the protein 
with the simultaneous appearance of —SH groups. 
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at this concentration.’ The less soluble guanidine salts, such as 
the nitrates, were necessarily used at lower concentrations. 

No —SH groups appear in the protein in solutions of 6 m 
guanidine sulfate, carbonate, or acetate.6 When the concen- 
tration of these salts was increased to saturation of the protein 
solutions, a faint reaction for sulfhydryl groups appeared in guani- 
dine acetate. No such reaction developed in the presence of the 
other two salts. When potassium chloride, bromide, or iodide 
was added to solutions of egg albumin in guanidine sulfate or 
carbonate, free sulfhydryl groups appeared. In these mixtures, 
the protein remained in solution in the presence of the chloride, 
slowly precipitated in the presence of the bromide, and immedi- 
ately precipitated on the addition of the iodide. The rate of 
appearance of —SH groups increased in this order.’ 

The nitrates of guanidine and methylguanidine which were 
employed in 1 m solution have a much greater effect on the 
protein than the hydrochloride at the same concentration. The 
proportion of —SH groups which appears in the protein dissolved 
in the former salts is very nearly the same as that which appears 
in solutions of guanidine hydroiodide at 1 m (Table I). 


DISCUSSION 


The effects of the various guanidine salts are greatly influenced 
by the nature of the anion (Tables I and Il). The maximum 
proportion of —SH groups which appears in solutions of the 
halides and thiocyanate of guanidine is very nearly the same; 
the effects of the hydrobromide, hydroiodide, and thiocyanate be- 
gin, however, at a much lower concentration than the hydro- 


5 Egg albumin in 6 m urea solution does not show the presence of ti- 
tratable —SH groups (5). The striking difference between urea and the 
guanidine halides is illustrated by the fact that at 6 m concentration the 
latter exert their maximum denaturing effect on the protein. That such 
differences may extend further to the physical properties of proteins is 
shown by recent studies on the denaturation of myosin (3). 

* No —SH groups appear in the protein dissolved in either potassium 
sulfate, carbonate, or acetate. 

’ The addition of potassium sulfate to a solution of protein in guanidine 
chloride has no apparent effect on the proportion of —SH groups which 
appears in the protein. 
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chloride (Table I). Potassium iodide and thiocyanate, like the 
corresponding guanidine salts, have a denaturing action on the 
protein, but unlike the guanidine salts, have no solvent properties. 

The influence of the anion of the guanidine salts is strikingly 
revealed in the data of Table II. The results with guanidine 
sulfate and carbonate suggest that the denaturation of protein 
by any of the guanidine salts is a complex phenomenon in which 
the anion and the guanidonium cation probably play somewhat 
different réles. The sulfate and carbonate, like other salts of 
guanidine, are probably completely ionized (2). The denatura- 
tion of protein in the presence of potassium chloride plus guanidine 
sulfate or carbonate is presumably due to the simultaneous 
presence of guanidonium and chloride ions. 

As potassium salts the chloride, bromide, acetate, sulfate, and 
carbonate do not possess denaturing properties. As guanidine 
salt, the former three ions, unlike the latter two, produce de- 
naturation. Iodide and thiocyanate, either as potassium or 
guanidine salts, produce denaturation, but the protein is pre- 
cipitated in the presence of the potassium salt, dissolved in the 
presence of sufficient guanidine salt. In some respects therefore, 
the denaturing effect or lack of denaturing effect of a guanidine 
salt seems to be largely a function of the nature of the anion. 
This may be illustrated by the case of the iodide and thiocyanate, 
on the one hand, and by the case of the sulfate and carbonate on 
the other. In other respects, the denaturing effect seems to be 
largely a function of both the guanidonium cation and the anion, 
as in the case of the chloride, bromide, and acetate. One definite 
function can be assigned to the guanidonium cation, the dissolu- 
tion of the denatured protein. In this respect it resembles the 
structurally closely related urea. 

The methylguanidine salts have the same properties as the un- 
substituted guanidine salts. as-Dimethylguanidine hydrochloride 


* With the hydroiodide and thiocyanate of guanidine, the maximum pro- 
portion of —SH groups in the protein appears to be slightly less than in 
corresponding solutions of the hydrochloride and hydrobromide. These 
lower values are consistent with those found in the titration of cysteine in 
the presence of the hydroiodide and thiocyanate. If allowance is made for 
the proportion of —SH groups presumably oxidized by traces of impurities 
in these guanidine salts, the results would be comparable with those found 
for the protein in solutions of the hydrochloride and the hydrobromide. 
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has a much weaker effect. More complex substituted guanidine 
salts, such as arginine monohydrochloride, have no apparent 
denaturing properties. It is therefore possible to modify the ef- 
fects of guanidine salts by varying the anion, on the one hand, 
and by extensive substitution in the guanidonium cation on the 
other.* 


SUMMARY 


1. The sulfhydryl groups which appear in egg albumin dis- 
solved in various salts of guanidine have been estimated. The 
results are described in terms of cysteine per 100 gm. of protein. 

2. The maximum proportion of these groups is very nearly the 
same in the presence of the hydrochloride, hydrobromide, hydro- 
iodide, and thiocyanate of guanidine. However, the effect of 
liberating these groups begins at a lower concentration of the 
hydrobromide, hydroiodide, and thiocyanate than of the hydro- 
chloride. 

3. No sulfhydryl groups appear in solutions of guanidine sulfate 
or carbonate. A very weak reaction for these groups is given in 
saturated solutions of guanidine acetate. The addition of potas- 
sium halides to solutions of protein in guanidine sulfate or car- 
bonate results in the appearance of —SH groups. 

4. Extensive substitution in the guanidonium cation results in a 
decrease in the denaturing effect of the salt. It is therefore pos- 
sible to modify the effects of guanidine salts on the one hand by 
varying the nature of the anion, and on the other by substitution 
in the guanidonium cation. 
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FURTHER STUDIES ON THE SPECIFICITY OF CHOLINE 
ESTERASE* 


By DAVID GLICK 
(From the Laboratories of the Newark Beth Israel Hospital, Newark) 


(Received for publication, May 18, 1939) 


In continuation of the previous study on the specificity of choline 
esterase (1), the present investigation deals with the action of this 
enzyme upon esters into which certain new structural variations 
have been introduced. The substrates chosen for the study of the 
effect of these modified structures include esters of thiocholine, 
arsenocholine, substituted carbamylcholines, piperidinium and 
pyrrolidinium analogues of choline, and pyrrolidinium analogues 
of betaine. In addition, a series of halogenated esters of both the 
choline and non-choline type was investigated in which the struc- 
ture was changed systematically from the choline to the betaine 
form. The data obtained have shown that conclusions drawn 
from certain previous observations are more generally true, and 
some new relationships between the enzymatic process and sub- 
strate structure have been established. 


EXPERIMENTAL 


The manometric method, in which the Warburg apparatus is 
employed as already described (1), was used to follow the course of 
the enzymatic and non-enzymatic hydrolyses. In order to con- 
serve material, a total volume of 2 ml., rather than the 4 ml. 
previously used, was employed (0.5 ml. of horse serum solution 
and 1.5 ml. of substrate solution). In some cases a final substrate 
concentration of less than 1 per cent was used because of relative 
insolubility. However, maximum hydrolytic velocities were ob- 
tained with the more dilute solutions, since measurements with 
still more dilute solutions gave the same rates of enzymatic scis- 


* Aided by a grant in memory of Dorothy 8. Lichtman. 
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TABLE I 





Hydrolysis of Esters of Choline and Related Structures 


Acetylcholine chloride 
(CH;),N (1)CH,CH,SCOCH;, 
Acetylthiocholine iodide 
Acetyl-8-methylthiocholine iodide 
p-Nitrobenzoylthiocholine iodide 
Acetyl-8-methylcholine chloride 
| 
CH; 
Acety!l-8-methylarsenocholine bromide 
(CH;),N (CI)CH,CH,OCONH, 
Carbamylcholine chloride 
Carbamy]-8-methylcholine chloride 
Methylcarbamylcholine chloride 
Ethylearbamylcholine chloride 
Phenylearbamylcholine iodide 
(CH;)3N (I)CH,CH,OCON C;Hio 
Pentamethylenecarbamylcholine iodide 
CH,—CH,—CH, 
| 
CH,—N(1I)—CH-CH,OCOCH; 
| 
(CHs). 

N-Dimethyl-2-acetoxymethylpiperidinium 

iodide 
N-Dimethyl-3-acetoxymethy]piperidinium 

iodide 
N-Dimethyl-3-(a-acetoxyethy!)-piperi- 

dinium iodide 


| CH; ——— CH; 


_ CH,—N(1)—CH-CH,OCOCH;, 


l 
(CHs)2 
N-Dimethy]-2-acetoxymethylpyrrolidinium 
iodide 


Hydrolysis (30 min., 
2 mi. total volume) 


Non-enzymatic 


Meas- 


ured | lated for 


onl 


per cent 
substrate 


5.0 
30* 


89 


6.5 


Caleu- 


0.05 
solution 


0.5 


0.2 
2.9 
3.2 
4.7 
2.6 


2.4 


2.8 


8.2 


9.7 | 


| Enay- 


matic 


1 per 
cent sub- 
strate, 
1.25 per 
cent 
serum 


100 
142 


50 
0 
1.6 
0 


p 
0 
0 
0 


45 


43 
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TaB_Le I—Concluded 


Hydrolysis (30 min., 
2 mi. total volume) 


Siem Non-enzy matic — 
a 
0. 1 per 
| Caleu- cent sub- 
ont meee for ae. 
.05 .25 per 
per cent | olution cent 
substrate | rem 
17 N-Dimethyl-2-(a-acetoxyethyl)-pyrroli- 3.7 5.8 0 
dinium iodide 
18 N-Dimethyl-2-(a-acetoxypropyl)-pyrroli- 3.5 5.7 0 


dinium iodide 
19 N-Diethyl-2-(a-acetoxyethyl)-pyrrolidinium 1.9 3.2 0 


iodide 

20 N-Diethyl-2-(a-acetoxypropyl)-pyrroli- 0.8 1.4 0 
dinium iodide 

21 N-Dimethyl-2-carbomethoxypyrrolidinium | 116 165 0 
iodide 

22 N-Dimethyl!-2-carbethoxypyrrolidinium 62 93 0 
iodide 

23. N-Methyl-2-carbomethoxypyrrolidine hy- 21 24 0 
drobromide 

24 | N-Methyl-2-carbethoxypyrrolidine hydro- | 11 13 0 
bromide 


* 0.47 per cent substrate solution (practically saturated) was used; the 
value given in the table is an extrapolation. 


sion. In a few instances final concentrations greater than 1 per 
cent were necessary to insure maximum hydrolysis. The con- 
centrations actually employed are indicated in Tables I and II. 

The data in Tables I and II for Compounds 1, 5, 26, 28 were 
obtained from the previous paper (1), and have been included to 
facilitate the comparison of structural effects upon hydrolysis. 
The values for the enzyme activity were expressed relative to 
acetylcholine as 100. 

Compounds 2 to 4, 6, and 9 to 24 were prepared by Professor 
R. R. Renshaw and coworkers of the Department of Chemistry of 
New York University, University Heights, and were obtained 
through the courtesy of Dr. M. Ziff of that department. The 
thiocholine derivatives (Compounds 2 to 4) have been described 
by Renshaw, Dreisbach, Ziff, and Green (2), the piperidinium sub- 
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strates (Compounds 13 to 15) by Renshaw, Ziff, Brodie, and Korn- 
blum (3), and the pyrrolidinium esters (Compounds 16 to 24) by 
Renshaw and Cass (4). The arsonium compound, No. 6, will be 
described soon by Werner Bromund and the carbaminoylcholines 
(Compounds 9 to 12) by Daniel Sprinson, both in collaboration 


TABLE II 


























| Hydrolysis (30 min., 2 ml. 
total volume) 

Com, Non-enzymatic | — 
, sempre | Ca, |e 
|1l percent) 0.05 u 1.25 per 

| substrate solution A-.4 

1 | Acetylcholine chloride | 6.5 5.9 | 100 
25 | B-Chloroethyl acetate | 4.9* 3.6 | 95 
26 | Ethyl acetate | O.8t} 0.4) 42 
27 **  chloroacetate 138f 101 3,370 
28 ** ester of betaine chloride 6.5 5.9 | 0 
29 | B-Chloroethyl chloroacetate | 228§ 207 =| :13,000 
30 | Bromoacetylcholine chloride 470! 612 | 270 
31 | Choline bromide ester of betaine bromide 2.5 4.3 0 


* 1.74 per cent substrate solution used; value in table extrapolation. 
+ 6.50 per cent substrate solution used; value in table extrapolation. 
t 1.30 per cent substrate solution used; value in table extrapolation. 
§ 0.76 per cent substrate solution used; value in table extrapolation. 
|| 0.50 per cent substrate solution used; value in table extrapolation. 


with Professor Renshaw. Compounds 7 and 8 were kindly 
furnished by Dr. R. T. Major of Merck and Company. Com- 
pounds 29 to 31 were prepared by the author. 

B-Chloroethyl chloroacetate, Compound 29, was prepared from 
ethylene chlorohydrin and chloroacetyl chloride in the usual man- 
ner. The pure ester distilled at 89°, 10 mm. of Hg. Density at 
25°, 1.3600. Boiling point, 207°, corrected (that given by Henry 
(5), 197-198°). 

Bromoacetylcholine chloride, Compound 30, not previously pre- 
pared, was obtained by the reaction of choline chloride with a 
small excess of bromoacetyl bromide. The product was dis- 
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solved in dry acetone and the addition of dry ether precipitated a 
yellow oil. The oil crystallized upon being stirred and the crystals 
were redissolved in acetone and precipitated with ether two more 
times. The white product was finally crystallized from absolute 
alcohol and stored in a vacuum desiccator over sulfuric acid. 
Melting point, 138°, corrected. The corresponding chloroacetyl 
compound is a syrup at ordinary temperatures and was not used 
for this reason. Analysis for C;H,O,NBrCl, hydrolysis of 100 
mg. of ester liberated 3.86 ml. of 0.1 N acid; theory 3.84 ml. N 5.40 
per cent; theory 5.37. The chloroplatinate, PtCl.(C;H,yO.NBr)s, 
gave Pt 23.00 per cent; theory, 22.76. 

Choline bromide ester of betaine bromide, Compound 31, not pre- 
viously prepared, was obtained by sealing in a glass tube a satu- 
rated solution of bromoacetylcholine chloride in absolute alcohol 
with an excess of anhydrous (CH;);N. The tube was kept at 
50-55° overnight and then placed in a refrigerator. A white 
crystalline precipitate formed which was removed. The com- 
pound was recrystallized twice from absolute alcohol, and the 
blade-like crystals were found to contain no chlorine. They 
proved to be the choline bromide ester of betaine bromide. They 
decomposed at 300°. After removal of the dibromide, the mixed 
chloride-bromide and dichloride salts remaining in solution were 
discarded. Analysis for CyoH»O2N2Bre, N 7.56, 7.57 per cent; 
theory 7.70; Br 43.66, 44.08; theory 43.91. The chloroplatinate, 
PtCle(CioHsO2N2), gave Pt 31.97, 31.38 per cent; theory 31.90. 
This addition compound containing no bromine was obtained from 
the interaction of the dibromide salt with an excess of PtCl in 
absolute alcoholic solution. The dichloride salt was prepared 
from the dibromide by shaking the latter in absolute alcoholic 
solution with an excess of AgCl in the manner described by Jones 
and Major (6) for the preparation of acetylcholine chloride from 
the iodide. The dichloride with PtCl gave a compound having 
Pt 31.40 per cent. 


DISCUSSION 


Substitution of a sulfur for an oxygen atom in the ester linkage, 
as in Compounds 2 to 4, resulted in a great increase in both 
enzymatic and non-enzymatic splitting (compare Compounds 1 
and 2 and 3 and 5). As in the case of the ordinary esters, S-alkyl 
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substitution in the thiocholine component (Compound 3) re- 
duced the enzymatic scission, but not to so great an extent. The 
p-nitrobenzoylthio ester (Compound 4) was practically un- 
affected by the enzyme, as was the p-nitrobenzoyl-$-methyl- 
choline reported previously (1). 

The physiological effects of esters of thiocholine have been 
studied by Renshaw, Dreisbach, Ziff, and Green (2) and Alex- 
ander, Dillon, and Jordan (7). The latter authors stated that 
the duration of the action of the compounds indicates that they 
are probably destroyed rather rapidly by the blood. This, of 
course, would be expected from the present data. They reported 
that eserine did not augment the action of either acetylthiocholine, 
acetyl-8-methylthiocholine, or acetyl-y-homothiocholine. This 
seems surprising, since eserine is a powerful inhibitor of choline 
esterase, but perhaps it is so because of the relatively large doses of 
the thio compounds required compared to the oxygen analogues, 
in which case the rate of destruction of the drugs would be a less 
pertinent factor. These authors also found acetyl-$-methyl- 
thiocholine to be more evanescent in its action than either of the 
other two esters, indicating that degree of hydrolysis was not 
the only factor responsible for the transient effect, for if it were, 
acetylthiocholine would have the briefest action. 

Roepke (8) found the affinity of acetylarsenocholine for the 
enzyme from horse serum to be 95 per cent of that of acetylcholine. 
Roepke and Welch (9) observed that acetylcholine, acetylphos- 
phocholine, and acetylarsenocholine were hydrolyzed at prac- 
tically the same rate by hemolyzed human blood. In the present 
instance no measurable enzymatic hydrolysis was observed with 
acetyl-8-methylarsenocholine (Compound 6), but a rapid hydroxyl 
ion splitting was found that seems rather odd. The non-enzy- 
matic scission appears to be of the same order of magnitude for the 
nitrogen, phosphorus, or arsenic analogues,’ and the unusually 
large value obtained in the present case is surprising. 

The carbamic acids liberated by the hydrolysis of the carbamyl 
esters are unstable at the pH employed in these experiments, 7.e. 
7.4, and decompose (10). It has been known for some time that 
carbamylcholine is unaffected by choline esterase (8, 11). Com- 


' Private communication from Dr. M. H. Roepke. 
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pounds 8 to 12 showed that substitutions in the amino group did 
not alter the resistance to enzymatic action. 

In the piperidinium analogues of choline esters (Compounds 
13 to 15), where the quaternary ammonium radical is included in a 
ring structure, the same general relations in regard to enzymatic 
scission, previously demonstrated for the straight chain esters (1), 
were found to prevail. That is, enzymatic splitting is decreased 
when the nitrogen group is separated from the ester linkage by 3 
rather than 2 carbon atoms, and also when alkyl substitution in 
the carbon chain of the alcohol component is introduced, par- 
ticularly when the substitution occurs on the carbon atom adjacent 
to the ester linkage. Apparently it made no difference whether 
the nitrogen radical was included in a piperidinium or a pyr- 
rolidinium ring (Compounds 13 and 16). Again it was shown that 
alkyl substitution on the carbon atom next to the ester linkage 
abolishes enzyme activity, and replacement of the methyl groups 
attached to the nitrogen by ethyl is without influence other than 
to reduce the already small non-enzymatic hydrolysis (Compounds 
16 to 20). 

As in the case of the ethyl ester of betaine (1), the pyrrol- 
idinium analogues of betaine esters (Compounds 21 to 24) resisted 
enzymatic action. This demonstrates again that the enzyme can 
attack only those esters in which the nitrogen radical exists in the 
alcohol component. 

The data in Table II are largely self-explanatory. Horse serum 
has the ability to split both simple and choline esters. Intro- 
duction of halogens into simple esters increased both enzymatic 
and non-enzymatic hydrolysis, Compounds 27 and 29 being 
especially striking in this respect. This held true for choline 
esters as well (Compound 30). It is interesting to note that a 
change in the alcohol component from the positively polar sub- 
stituted ammonium group to the negatively polar halogen pro- 
duced practically no change in the enzymatic effect (Compounds 
1 and 25), while the same modification of the acid component had 
a pronounced effect (Compounds 27 and 28, 30 and 31). 


SUMMARY 


Esters of thiocholine or 8-methylthiocholine underwent more 
rapid hydrolysis, both enzymatically and non-enzymatically, than 
their oxygen analogues. 
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Acetyl-8-methylarsenocholine had an appreciable non-enzy- 
matic splitting, but was unaffected by the enzyme. 

Substituted carbamylcholines were not acted upon enzy- 
matically. 

Piperidinium and pyrrolidinium analogues of choline esters were 
hydrolyzed by choline esterase in a manner similar to that found 
previously for the corresponding straight chain compounds, 
though not as rapidly. No demonstrable difference was observed 
between the enzymatic scission of the five- or the analogous six- 
membered ring esters. 

Enzymatic hydrolysis was abolished by placing the nitrogen- 
containing group in the acid component, either as a substituted 
amino or as a heterocyclic structure. 

Halogenation of the acid component of choline esters increased 
both enzymatic and non-enzymatic splitting, and a similar effect 
was observed for halogenation of either the acid or alcohol com- 
ponent of simple esters. 

A study was made of the effect upon hydrolysis of systematically 
changing the ester structure from the choline to the betaine form. 

Two new compounds were prepared; namely, bromoacetyl- 
choline and the choline ester of betaine. 
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GLYCOGEN IN THE SEED OF ZEA MAYS (VARIETY 
GOLDEN BANTAM) 
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(The Putney School, Putney, Vermont) 
(Received for publication, July 28, 1939) 


Although glycogen has long been known to be a constituent of 
animal cells and also of some bacteria and yeasts, it has not pre- 
viously been found in the higher plants. The methods for the 
distinction between glycogen and dextrin have been so inadequate 
that any soluble complex polyglucoside in a plant has had to be 
characterized as dextrin. In an investigation of the effects of 
tissue extracts on the crystallization patterns of cupric chloride, 
reported elsewhere (1), a close similarity was noticed between the 
patterns produced by glycogen solutions and those produced by 
extracts from the seeds of sweet corn. When it was found that 
the specific pattern in the case of oats was dependent on a complex 
polysaccharide, an attempt was made to isolate the corresponding 
polysaccharide from sweet corn. This polysaccharide has been 
isolated, and is apparently identical with glycogen. The cupric 
chloride crystallization pattern of glycogen is very similar to, but 
not identical with, that of sweet corn extracts. However, the 
crystallization pattern of the glycogen preparations from sweet 
corn is indistinguishable from that of glycogen from animal 
sources. Fig. 1 shows the typical animal glycogen pattern, Fig. 2 
the pattern obtained with sweet corn glycogen. In each case 15 
mg. of glycogen per plate were used. Figs. 3 and 4 are photomicro- 
graphs of typical portions of these plates. Photographs of the 
typical corn pattern appeared in the paper just mentioned. 

A specimen of erythrodextrin was prepared by the action of 
malt diastase on corn-starch. Fig. 5 shows the crystallization 
pattern obtained with the use of 15 mg. of this. 

If the cupric chloride crystallization patterns are a reliable means 
for the identification of polysaccharides, these data are evidence 
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Fic. 1. Animal glycogen Fie. 2. Corn glycogen 





Fig. 3. Animal glycogen (xX 50) Fie. 4. Corn glycogen (x 50) 
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that the corn polysaccharide is glycogen and not dextrin. Since, 
however, it is not yet known to what extent the patterns are 
specific, chemical means of identification have also been applied. 

Corn glycogen preparations dissolve to give an opalescent 
solution in water, and the opalescence does not fade when the 
solution is heated. Iodine added to the solution produces a red- 
brown color. The material is extremely resistant to the action of 
hot 60 per cent potassium hydroxide solution. Dry preparations 
absorb moisture readily from the air, and air-dried samples may 
contain more than 10 per cent of water. Hydrolysis with dilute 





Fic. 5. Dextrin 


acid gives a quantitative yield of glucose. The specific optical 
rotation is +187° in aqueous solution with sodium D light. The 
triacetyl derivative has a specific rotation of +158° in pyridine. 

The erythrodextrin previously mentioned has properties very 
similar to these, except that its water solution is not opalescent. 
The color given with iodine is nearly the same as that given by 
glycogen, the dextrin is resistant to the action of hot potassium 
hydroxide, the optical rotation is +189°, and that of the triacety! 
derivative is +154° in pyridine. The dextrin is slightly more 
soluble in aleohol-water mixtures than is glycogen. Clearly the 


differences in these properties are insufficient to distinguish glyco- 
gen from erythrodextrin. 

Glock (2) has shown that the rate of enzymatic hydrolysis of 
glycogen is much slower than are those of the starches. Her 
method has been used to compare the corn glycogen with glycogen 
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from other sources, with dextrin, with corn-starch, and with rice 
starch. The data are shown in Fig. 6, and strongly suggest that 
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Fic. 6. Hydrolysis rates of polysaccharides with malt diastase. Each 
0.1 mg. of maltose represents the hydrolysis of approximately 10 per cent 
of the polysaccharide. 


the corn polysaccharide is more closely allied with glycogen than 
with dextrin. 

There has been some controversy over the effect of heat on dry 
glycogen. Sahyun and Alsberg (3) report that glycogen is ‘“de- 
natured” if it is heated to 105°. They report a change in the 
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color of the glycogen, and an increase in the viscosity of its solu- 
tions. Bell and Young (4) report that no denaturation took place 
in their preparations when they were heated to 100° at 0.1 mm. 
pressure over calcium chloride. In the hydrolysis determinations 
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Fic. 7. Hydrolysis rates, showing the effect of heat on the polysac- 
charides. 


just described some of the preparations were dried at 100° at a 
pressure of 20 mm. of mercury over phosphorus pentoxide for 5 
hours or more. The hydrolysis rates of glycogen dried in this 
way were greater than those of glycogen dried in a vacuum desic- 
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cator over sulfuric acid at room temperature and the opalescence 
of its solutions was decreased. It is curious that under the same 
conditions the hydrolysis rate of dextrin is lowered. The hydrol- 
ysis rate of starch is also lowered, though to a lesser extent. 
These results are shown in Fig. 7. The effect of heat accounts 
for the discrepancy between the hydrolysis rate of corn glycogen 
reported by us recently (5) and that reported here. A logarith- 
mic time scale, rather than the numerical scale used by Glock, 
has been used to plot the hydrolysis curves, to facilitate com- 
parison of the data. 


EXPERIMENTAL 


Extraction of Glycogen from Sweet Corn—Either fresh or dried 
kernels of Golden Bantam sweet corn may be used. If dried seed 
is used, it must first be soaked in water for several days. The 
moist kernels are well ground, and extracted repeatedly with 
water. The extracts are strained through coarse cloth, then mixed 
with filter paper pulp, and filtered with suction to remove most of 
the starch. The filtered extract is heated to 100° for about 10 
minutes, and then cooled. The addition of a little trichloroacetic 
acid precipitates the soluble protein. This may be removed by 
centrifugation. 2 volumes of alcohol are added, and the solu- 
tion is allowed to stand overnight, when a heavy white precipitate 
settles. Most of the supernatant solution may then be decanted, 
and the precipitate is separated from the remainder by centrifuga- 
tion. The precipitate is redissolved in water, and again precipi- 
tated with 2 volumes of alcohol, filtered off with suction, and 
washed with alcohol. The mixed polysaccharides are dried in a 
vacuum desiccator, as all of the alcohol must be removed before the 
acetic acid fractionation. The dry powder is dissolved in 10 ce. 
of water for each gm. of powder. A milky suspension results. 2 
volumes of glacial acetic acid are added, and the mixture is allowed 
to settle overnight (cf. (6)). The clear supernatant solution is 
siphoned off, and the remainder is centrifuged. Glacial acetic 
acid is added to the combined supernatant solutions to make the 
final acetic acid concentration 75 per cent (cf. (4)). A precipi- 
tate of glycogen separates and may be removed by centrifugation. 
The gelatinous or gummy precipitate from the 66 per cent acetic 
acid solution, which is mostly starch, may be resuspended in water, 
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and the fractionation repeated in order to get a little more glyco- 
gen. This process cannot be repeated indefinitely, as both glyco- 
gen and starch combine with acetic acid to form more soluble 
compounds. The glycogen obtained in this way always contains 
from 6 to 8 per cent acetic acid, which cannot be removed in vacuo 
at 100° over potassium hydroxide. It is probably not chemically 
combined, as neither optical rotation nor enzymatic hydrolysis 
rates are affected by it. The crude glycogen may be further 
purified by treatment with potassium hydroxide. Somogyi’s 
method (7) has been used for this purpose. 

Numerous variations from the foregoing procedure are possible. 
Since proteins are destroyed by the final treatment with potassium 
hydroxide, the preliminary boiling of the corn extract may be 
omitted. The alcohol precipitation of the polysaccharides may 
also be omitted: the extract may be boiled down to a smaller 
volume, filtered, and treated directly with acetic acid. The glyco- 
gen may be precipitated from the 66 per cent acetic acid solution 
by the addition of about $ volume of alcohol. Yields of 10 to 13 
per cent of the weight of the corn have been obtained. 

Chemical Properties of Corn Glycogen—0.1066 gm. of corn glyco- 
gen was hydrolyzed with 2.5 per cent hydrochloric acid for 3 
hours at 100°; the solution was neutralized, and diluted to 200 cc. 
Glucose was determined by Hanes’ method (8) in 5 ce. aliquots. 
2.96 mg. were found, equivalent to 2.65 mg. of glycogen, or 99.4 
per cent. Another sample was hydrolyzed with dilute hydro- 
chloric acid and glucosazone was prepared. After recrystallization 
from 50 per cent alcohol this melted sharply at 204-206° when 
heated rapidly. 100 mg. samples of the glycogen left less than 
0.1 mg. of ash when burned. 80 to 90 per cent of the corn glycogen 
can be recovered after it has been heated to 100° for 3 hours with 
60 per cent potassium hydroxide solution. The specific rotation 
of a preparation of the corn glycogen which had been purified by 
treatment with potassium hydroxide and dried in vacuo at 100° 
over phosphorus pentoxide to constant weight was +187° in 
water with sodium D light. Its specific rotation in other prepara- 
tions which contained water or acetic acid was +188°, calculated 
from their polysaccharide content. 

Samples of the corn glycogen were acetylated in pyridine by the 
method of Pringsheim and Lassmann (9). The crude acetyl 
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derivative was purified by solution in ethyl acetate and precipita- 
tion with ethyl alcohol. Three different samples had specific 
rotations of +157°, +159°, and +159° in pyridine. 

Preparation of Dextrin, and of Glycogen from Other Sources— 
Commercial corn-starch was dissolved in hot water, cooled to 
50°, and treated with clarase, a concentrated commercial malt 
diastase (10). The dextrin was separated from the mixture in 
two ways. In one case the starch was precipitated with 66 per 
cent acetic acid, and the dextrin precipitated from the super- 
natant solution by the addition of alcohol. In the other case, 
the starch-dextrin mixture was treated with potassium hydroxide 
by Somogyi’s method, except that the final precipitation from 
solution required a large excess of alcohol. Its specific rotation 
was +189° in water. The triacetyl derivative of the acetic acid- 
treated dextrin was prepared by the method of Pringsheim and 
Lassmann. The specific rotations of two samples were +153° 
and +155° in pyridine. In the hydrolysis experiments described 
later, the dextrin prepared by the two methods gave identical 
results. 

Glycogen was prepared from the liver of a woodchuck shot while 
eating. The liver was removed immediately, plunged into twice 
its volume of boiling water, and the glycogen was extracted by 
Somogyi’s method. Glycogen was also prepared from oysters by 
Somogyi’s method, and from bakers’ yeast by a method that was 
essentially that of Stockhausen and Silbereisen (11), save that 
the final product was purified by precipitation from acetic acid 
between the concentrations of 66 and 75 per cent. 

Some glycogen obtained from Cysticercus fasciolaris was very 
kindly furnished by Dr. L. Frank Salisbury of Yale University. 
Its hydrolysis curve coincided exactly with that of liver glycogen, 
and is not shown in Fig. 6. 

Enzymatic Hydrolysis Rates of the Various Polysaccharides— 
100 mg. (dry weight) of the polysaccharide in question were added 
to water. In the case of the starches, the mixture was heated to 
100° to effect solution, and then cooled. 5 ec. of 0.2 m phosphate 
buffer (pH 6.8) were added, and the volume was made up to 100 
cc. The solution was brought to 44° in a water bath, and 5 ce. of 
a 0.1 per cent solution of clarase were added with violent agita- 
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tion. 5 cc. samples were withdrawn from time to time, usually 
5, 15, 40, 70, and 120 minutes after the addition of the enzyme. 
In a few cases the determinations were continued for 18 hours, 
but the results after the first 2 hours furnished no additional signi- 
ficant information, and are not shown on the graphs. Each 5 ee. 
sample was immediately pipetted into a large test-tube, and heated 
to 100° for 3 minutes to stop enzyme action. The sugar was then 
determined by Hanes’ method, and calculated as maltose. The 
results are shown in Figs. 6 and 7. The ordinates represent mg. 
of maltose per cc. of the warm solution. If these figures are 
multiplied by 100, the results are approximately equal to the per- 
centage of polysaccharide hydrolyzed. 

Cupric Chloride Crystallization Patterns—Crystallization pat- 
terns were obtained exactly as described in a previous paper (1). 
15 mg. of the polysaccharide were added to 8 cc. of 6.25 per cent 
cupric chloride solution, and the solution was allowed to evaporate 
on the crystallization plates. It has been found that a minimum 
of about 15 mg. of glycogen is necessary to produce the character- 
istic pattern. This is striking in view of the fact previously 
mentioned that only 0.5 mg. of the oat concentrate is required to 
produce the typical oat pattern. 


SUMMARY 


A carbohydrate that is apparently identical with glycogen has 
been prepared from the seed of Zea mays, Golden Bantam variety. 
Its properties have been compared with those of glycogen from 
other sources, and of dextrin. 

The rates of enzymatic hydrolysis of glycogen and of related 
polysaccharides have been studied. 

The cupric chloride crystallization patterns of glycogen from 
various sources and of dextrin have been studied. 

Enzymatic hydrolysis rates and cupric chloride crystallization 
patterns appear to be definite criteria for the identification of the 
preparation from corn with glycogen of other origins. 


We wish to express our gratitude to Dr. L. F. Fieser for the use 
of the facilities of the Chemistry Laboratories of Harvard Uni- 
versity for the determination of the optical rotations recorded 
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here, and once again to Dr. H. B. Vickery of the Connecticut 
Agricultural Experiment Station for his advice and criticism. 
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In determinations of the solubilities of gases in liquids a number 
of authors (1-5) have used the manometric apparatus (6, 7) for 
extracting and measuring the gases dissolved in saturated liquids. 
In these determinations the liquid has been saturated with the 
gas in another vessel before it was transferred to the chamber of 
the manometric apparatus for analysis. 

The writer has recently had occasion to measure a number of solu- 
bilities, both in water solutions and in oil, at room temperature, 
and has found that the technique is simplified by performing the 
saturation as well as the analysis in the chamber of the mano- 
metric apparatus. The saturation is obtained by first shaking 
the liquid in the chamber with the gas at slightly more than 
atmospheric pressure, then at exactly atmospheric pressure. The 
unabsorbed gas is ejected, and the solution is analyzed for ab- 
sorbed gas. Absorption and analysis are carried out at the same 
temperature, so that the procedure simplifies calculation as well 
as technique. Results constant to 1 part in several hundred can 
be obtained. 


Apparatus 


Besides the Van Slyke-Neill (6, 7) apparatus all that is required 
is the container for the gas, and tubes to conduct the gas to the 
chamber of the Van Slyke-Neill apparatus. If the container is 
a gasometer under pressure only from a water or mercury reser- 
voir, the connection needed is only a tube of thick walled rubber 











546 Gas Solubilities 


ending in a glass tube of about 5 mm. external diameter and 
10 or 12 em. length. The glass tube is tapered at the end and 
provided with a rubber tip to make a fit with the bottom of 
the cup at the top of the Van Slyke-Neill chamber (e.g., see 
Fig. 3, p. 125 of Van Slyke (7), or Fig. 52, p. 344 of Peters and 
Van Slyke (8)). Astrong pinch-cock is placed on the rubber tube 
next the glass outlet tube. 

If the gas container is a metal pressure tank, it is desirable to 
insert in the connecting tube a safety valve in the form of a glass 
T-tube, the vertical limb of which dips to the bottom of the water in 
a 1 liter cylinder. When the tank outlet is opened, one can judge 
from the rate at which bubbles emerge in the cylinder whether one 
is getting a desirably rapid flow of gas. 

If relatively soluble gases, like CO, or NO, are to be tested, it 
is desirable for maximal accuracy to use a Van Slyke-Neill cham- 
ber calibrated for a gas volume of 10 cc. as well as the usual 0.5 
and 2 ec. volumes (e.g., see Fig. 2, Van Slyke, Page, and Kirk, 
(9)). If the gas pressure can be measured with the volume at 
10 instead of 2 ec., one can in such cases use larger samples of the 
liquid (e.g., in the case of CO, dissolved in water, 5 or 10 cc. in- 
stead of 1 or 2 cc.) and obtain more accurate results. The gain in 
accuracy is partly that of measuring larger amounts, but in part 
it is due to the fact that the reabsorption factor (the 7 factor dis- 
cussed on p. 551) is reduced to a lower and more constant value. 


Procedure 


Delivery of Sample of Liquid—The sample of liquid, usually 
5, 10, or 20 ec., is run into the chamber of the manometric appa- 
ratus through a mercury seal, as illustrated by Fig. 3 of Van Slyke 
(7) and Fig. 52 of Peters and Van Slyke (8). For all the analyses 
recorded in Tables II and III 10 ce. portions of liquid have been 
used. However, if water were saturated at less than 20° with 
COs, less than 10 cc. would have to be taken or the gas subse- 
quently extracted would be too much to measure on the manom- 
eter. On the other hand, for gases with solubilities such as 
N2, CO, and He 20 ec. of water could be taken with advantage. 

Removal of Air from Liquid and Reading of po——The mercury in 
the leveling bulb is lowered to the 50 cc. mark and the chamber 
is shaken for 2 minutes to extract air from the liquid. The ex- 
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tracted air is ejected through the cup, without loss of any of the 
liquid, and the extraction is repeated, to remove the last traces of 
air. A slight bubble is yielded by the second extraction, and is 
ejected. The preliminary removal of dissolved air has two ob- 
jects. It prevents error from dilution with air of the subsequently 
added experimental gas. And it frees the chamber of all gas in 
preparation for the po reading. 

To make the po reading (manometer reading without gas in the 
chamber), after the extracted air has been ejected the cock at the 
top of the chamber is sealed with mercury, and mercury is with- 
drawn from the chamber until the meniscus of the water or oil is 
on the mark, 10, 2.0, or 0.5 ce., where it will be when the pressure 
of the extracted gas is read later. (For CO, or N,O the 10 ce. 
mark will preferably be used; for Oz, Ne, and gases of similar solu- 
bility the 2 or 0.5 ce. mark.) 

Saturation of Liquid with Gas—After the po reading has been 
taken, mercury is admitted into the chamber until the liquid rises 
to the top. About 1 ec. of mercury and 2 ec. of water are poured 
into the cup at the top of the chamber. The tip of the gas de- 
livery tube is dipped below the surface of the water in the cup, and 
gas is permitted to bubble through and waste into the air until one 
is certain that any air that may have diffused into the bore of the 
rubber delivery tube has been washed out. 

Then the rubber-ringed glass tip of the delivery tube is pressed 
into the bottom of the cup, and the gas is admitted into the cham- 
ber by opening its upper cock. Admission of gas is continued 
until the mercury in the chamber has sunk to about the 50 ce. 
mark, the mercury in the leveling bulb being also at about that 
level. 

The cock at the top of the chamber is closed and sealed with 
mercury, and mercury is admitted from the leveling bulb into the 
bottom of the chamber until the gas is under a positive pressure of 
10 to 20 mm. of mercury. This is attained by holding the leveling 
bulb beside the chamber, and raising the bulb until the mercury 
in it is 10 or 20 mm. above the mercury surface in the chamber, the 
cock between the two being open. The mercury bulb is hung by 
a chain or cord at this level, the cock to the chamber is left open, 
and the chamber is shaken for 1 minute to saturate the liquid 
approximately with the gas. 
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The pressure in the chamber is now readjusted, this time as 
exactly as possible to atmospheric. To do this the depth of the 
layer of liquid in the chamber is measured, and the height of a 
mercury column that will balance it is estimated from the specific 
gravities. E.g., if 10 cc. of water are in the chamber, the depth of 
the water layer will be found to be about 10 mm., which will 
balance a mercury column 10/13.6 = 0.74 mm. The mercury 
surface in the leveling bulb is held at a level (0.7 mm. in the above 
example) above the mercury in the chamber so that the gas in 
the chamber will be under atmospheric pressure. This apparently 
crude way of regulating the pressure was adopted after more 
elaborate procedures had been used, as it was found to give equally 
accurate saturation data. 

After the pressure in the chamber has been thus adjusted to 
atmospheric, the cock between leveling bulb and chamber is 
closed, and the chamber is shaken for a minute. The adjustment 
to atmospheric pressure is repeated once more, and the chamber is 
shaken for 2 minutes to complete the saturation. With 10 cc. of 
water or oil we have regularly obtained complete saturation with 
this technique. It is possible that if 20 cc. instead of 10 were 
used the periods of shaking might have to be longer for complete 
saturation. 

Ejection of Unabsorbed Gas—After the saturation is completed, 
the leveling bulb is placed in the ring above the level of the cham- 
ber, the cock at the top of the chamber is opened, and the gas is 
ejected by admitting mercury from the leveling bulb. The 
mercury must not be admitted so rapidly that the ejected gas 
develops back pressure from inability to pass out through the 
capillary of the upper cock as rapidly as mercury runs in below, 
or slight supersaturation of the liquid with the gas might occur. 
The liquid is permitted to rise until it just fills the capillary be- 
tween the cock of the chamber and the cup above. The cock to 
the leveling bulb is then closed, the bulb is lowered, and the cham- 
ber cock is sealed by filling the capillary with mercury. 

Extraction and Measurement of the Absorbed Gas—The mercury 
in the chamber is lowered to the 50 cc. mark and the chamber is 
shaken, for a gas as soluble as CO:, three times for 30 seconds each; 
after each shaking the mercury, which may have been pushed 
below the 50 cc. mark by pressure of the evolved gas, is brought 
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back to the mark. For less soluble gases a single preliminary 
shaking of 1.5 minutes suffices. Then the extraction is completed 
by a final shaking of 1.5 minutes with the mercury meniscus 
exactly at the 50 cc. mark. (Longer shaking might be necessary 
if liquid volumes greater than 10 cc. were used.) 

After the extraction is thus completed, mercury is admitted into 
the chamber until the gas is brought to the volume of 10, 2, or 
0.5 cc. at which the pressure is to be measured, and p; is read on 
the manometer. 

The pressure, P, of the extracted gas is: P = p; — po. 

Temperature Control—We have not had occasion to use the 
method at other than room temperature, but in other work have 
found that fixed temperatures over a considerable range on both 
sides of atmospheric can easily be maintained in the chamber of 
the manometric apparatus by running water through the water 
jacket from a constant temperature bath. If the sample of liquid 
to be saturated with gas is first brought to bath temperature, then 
transferred for saturation to the chamber where the water jacket 
and mercury are at the same temperature, saturation at a temper- 
ature fixed within a fraction of a degree should offer no difficulty. 


Calculation of Solubility Coefficients from Observed P Values 
The calculations are made by the equation 
1 


(1) a= ——e 
(1 + 0.00384) (Be>™ = K,) 





The symbols have the following significance. 

a is the Bunsen solubility coefficient; viz., the volume of gas, 
reduced to 0°, 760 mm., that is dissolved by 1 volume of liquid 
when the partial pressure of the gas is 760 mm. of mercury. 

B is the barometric pressure when the liquid is saturated with 
the gas. 

W is the vapor tension of the liquid at the temperature at which 
it is saturated with the gas. 

t is the temperature of both saturation and analysis, measured 
on the thermometer in the water jacket of the Van Slyke-Neill 
chamber. 

K, and K; are constants depending on the volume of liquid 
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used, the volume of the Van Slyke-Neill chamber, and the volume 
to which the extracted gas is brought for the p; reading. K, = 
S/ia and K, = 0.996 S/(A — S),as defined below in the derivation 
of the equation. 

The numerical values of K, and Kz for the 50 cc. chamber, and 
for conditions that are ordinarily used, are given in Table I. The 
values of the factor, 1/(1 + 0.00384) are given on p. 542 of the 
original paper by Van Slyke and Neill (6) and in Tab!e 27 on p. 260 
of Peters and Van Slyke (8), for the range of room temperature. 


TaBLe [| 
Values of K, and Kz for Usual Range of Conditions, with 50 Cc. Chambers 
s Values of K: = 
Values of K; = = 0.9968 


A-S 
Ss a i Ki Gases used for Ss Ke 
ce. cc. cc. 
1 2 1.017 0.4916 CO, in water l 0.0201 
2 2 1.017 | 0.983 oo 2 0.0416 
5 10 1.004 0.498 sith ta 1, 5 0.1165 
10 10 1.004 0.996 Mie to 10 0.2490 
20 0.6640 
10 | 0.5 1.00 | 20 Ne, O., CO, He in water 
2.0 1.00 5 - Tg ers “ 
20 0.5 1.00 | 40 —— 
2.0 1.00 10 “on 


Derivation of Equation 1—In addition to the symbols already 
defined, the following are used; in part they are the same used by 
Van Slyke and Neill (6). 

a’ is the Ostwald solubility coefficient, which is the same as 
the Bunsen coefficient, except that the gas volume is expressed for 
the temperature of saturation, not reduced to 0°. Hence, 


(2) a’ = (1 + 0.003671)a 


A is the capacity of the chamber of the manometric apparatus. 
(A = 50 cc. for the procedure as described above.) 

a is the volume of the extracted gas when its pressure is meas- 
ured on the manometer. 

S is the volume of liquid saturated and analyzed in the chamber. 
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t is Van Slyke and Neill’s correction factor for whatever re- 
absorption of extracted gas occurs when, at the end of the analysis, 
the gas volume in the chamber is diminished from A — S to a 
ec. For the present determinations the 7 factor can be estimated 
by determining P as described in the “Procedure,” then lowering 
the mercury in the chamber to the 50 cc. mark and letting it at 
once ascend again until the gas is recompressed to a cc. The 
raising and lowering of the mercury level in the chamber are done 
at the same speed used routinely in the analyses. If measurable 
reabsorption occurs, the second manometer reading of pi, and 
also the P value calculated as p; — po, will be less than the first 
reading. In estimating the 7 value it is assumed that the same 
amount of reabsorption occurs when the mercury in the chamber is 
raised as when it is lowered. The reabsorption in an analysis is 
therefore half that noted in the above determination of the 7 
factor. Hence 7 is calculated by the formula, 


0.5 decrease in p; noted in t determination 


(3) mare original P 


The smaller the volume to which the extracted gas is compressed 
for its pressure measurement, the greater will be the reabsorption. 
Thus, in determinations of CO, extracted from aqueous solutions, 
Van Slyke and Sendroy (10) found an 7 factor of 1.037 when the 
extracted CO2z was compressed to 0.5 ec., and only 1.017 when the 
compression was to 2 cc. When the compression is only to 10 cc., 
we find that ¢ = 1.004, only 0.4 per cent of the extracted CO, 
being reabsorbed. For less soluble gases, such as Ne, Oe, He, CO, 
reabsorption by water is so slight that the ¢ factor can usually be 
left out of calculations. 

Vor,70 is the volume of gas, measured at 0°, 760 mm., dissolved 
in the sample of liquid analyzed. 

The derivation of Equation 1 in the present paper starts from 
Equation 4 of Van Slyke and Neill; viz., 


‘ __ Pia ee s , 
- Vem = 760 (1 + 0.008841) (1+ 7550) 


If the fluid analyzed is saturated with the gas at (° and atmos- 
pheric pressure, the partial pressure of the saturating gas is B — 
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W mm., and the solubility coefficient is 


V 760 
(5) aa 28 


S B-—-W 
In (4) we substitute for a’ its value from (2). Then the value of 
Vor,z0 from (4), thus altered, is substituted in (5) to obtain (6). 


1 


S(B-W) 1+0.0036e7 8S \ 
a+ 0.oast) ( Pia 1+ 0.00384 * A — 3) 





(6) a= 





For S/ia we substitute Ki, a value constant for constant values 
of S, a, and 7. 

Between 20° and 30° the fraction (1 + 0.00367)/(1 + 0.003842) 
has within 1 part per 1000 the value 0.996, so that for room temper- 
atures within this range the fraction can be treated as a constant. 
For the term 

1+0.003671 8 


1 + 0.003844 A-—S 


we can therefore substitute a constant, K, = 0.996 S/(A — 8), 
which will depend on the value of S chosen for use with the liquid 
under experiment. 

With these substitutions Equation 6 becomes simplified to the 
form given in Equation 1. 


Results 


The data in Tables II and III serve to show the magnitudes of 
the readings and the reproducibility of results. The CO, gas 
used was analyzed by absorption with alkali and found to contain 
less than 1 part per 1000 of impurity. The Ne was a commercial 
sample prepared from air; it contained traces of O2, but not suffi- 
cient to affect results significantly. The helium, from natural gas, 
was not analyzed. The fact that the solubility in water exceeds 
so much the solubility found by Estreicher indicates that our 
helium contained considerable amounts of other, more soluble 
gases. The results, however, illustrate the relatively low magni- 
tude of the ratio, solubility in oil to solubility in water, for helium 
compared with the atmospheric gases. 
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Tase Il 
Solubility of CO, in Water 
10 
































A = 50cc.; S = 10 cc.; a = 10 cc.; Ki = 1004 x 10 = 0.996; K, = 
ex > x am 0.249; i = 1.004 
50 — 10 
7 ae ae eis ss OS } aa 
— i SS W .-+-~ P « | Sa Boek 
perature) 
= ; °C mm, mm, mm, 
l-a 22.8 20.6 765.7 534.0 0.806 0.809 
1-b 22.8 20.6 765.7 534.5 0.807 0.809 
2-a 24.7 23.1 769.3 514.3 0.764 0.764 
2-b 24.8 23.2 769.3 511.3 0.758 0.759 
3-a 25.4 24.1 769 .2 507.7 0.752 0.751 
3-b 25.5 24.2 769 .2 508.4 0.753 0.749 
TaB.e III 


Solubilities of Air, Nitrogen, and Helium in Water and Olive Oil 


A = S0cc.; S = 10 ce.; a = 2.0 or 0.5 cc.; K; = 5 or 20; Ky = 0.249; 
i taken as 1.00. 



































Tem- | a 
Gas Liquid pera-| a Ww B P a dain 
ture authors 
= | -..diege hake ene 
Air Water 21.2) 0.5 18.7) 756.0, 295.6) 0.01863) 0.01832* 
21.8) 0.5) 19.4) 756.1) 296.6) 0.01866) 0.01814 
Olive oil | 19.1) 2.0| O | 758.9) 302.8) 0.0759 
19.3) 2.0 O 758.6; 303.3) 0.0759 
Atmospheric | Water 22.7) 0.5 20.5, 756.7, 243.8, 0.01529) 0.0154t 
nitrogen | 23.2) 0.5) 21.1 756.6) 243.0) 0.01528) 0.0153 
Olive oil | 21.4) 2.0| O | 757.1) 258.5) 0.0642 
21.6; 2.0; O | 757.0) 259.8) 0.0645 
Helium Water 22.3) 0.5) 20.0| 730.3) 144.8) 0.00941 
22.4; 0.5) 20.1) 729.0) 145.5) 0.00934) 0.00138f 
| Olive oil | 19.8) 0.5) O | 757.7| 222.5) 0.01368 
| 20.5 0.5 0 | 757.6) 223.1) 0.01370 








* Bohr and Bock (11). 
t Estreicher (11). 
t Coste (12). 
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THE USE OF BROMIDE AS A MEASURE OF EXTRA- 
CELLULAR FLUID* 
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Studies on water balance in experimental and pathological con- 
ditions have aroused interest in the quantitative measurement of 
extracellular fluids. Recent work has led to the conclusion that 
chloride is confined mainly to the extracellular water phase in most 
tissues, where its concentration is essentially the same as in a 
serum ultrafiltrate (1-3). The extracellular fluid can be calculated 
by means of any foreign, non-metabolized substance which, like 
chloride, is extracellular in its distribution. The test material is 
injected and after a suitable interval samples of blood and urine 
are taken and analyzed. The amount of the substance in the 
body, that is the amount administered minus the quantity ex- 
creted, divided by the concentration in serum ultrafiltrate will give 
the approximate volume of extracellular fluid. 

In order to be used practically for this purpose the substance 
should have the following properties: (1) a distribution in tissues 
similar to chloride; (2) non-toxicity in required doses; (3) capa- 
bility of accurate analysis in small concentration; (4) quick dis- 
tribution throughout the body tissues and fluids; (5) slow excre- 
tion; (6) a predictable distribution between serum and interstitial 
fluid. 

Substances which have been previously used are sucrose (4), 
sulfate (4, 5) and thiocyanate (4, 6,7). Sucrose and sulfate have 
the advantage of not entering red blood cells, but are too quickly 
excreted to be of practical use. This fact prevents their use in 


* This investigation has been aided by a grant from the Josiah Macy, 
Jr., Foundation. 
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the case of patients with edema, in which the substances require 
a long period for complete diffusion. Sulfate is a natural waste 
product and is also difficult to analyze. Thiocyanate, commonly 
used, is distributed similarly to chloride in most tissues, is easy 
to analyze in serum, is distributed quickly, and is slowly excreted, 
but suffers from the following disadvantages. (a) The anomalous 
and erratic distribution of thiocyanate between serum and transu- 
dates, which has been reported, leaves the relationship between 
serum and interstitial fluid in doubt. Lavietes et al. (4) found 
that after the administration of thiocyanate to patients with edema 
the serum concentration exceeded that of the transudate by 7 to 
14 per cent; in two patients the excesses were 5 and 21 per cent 
respectively. Any estimation of extracellular fluid from the serum 
concentration is thus subject to large error. (b) The inaccuracy 
of the urine analyses does not allow exact calculation of the 
amount of thiocyanate left in the body. While the excretion is 
negligible in the short interval required for a single measurement, 
it is appreciable when continued study is required over sev- 
eral days. (c) Large accumulations of fluid in edematous patients 
make larger doses necessary in order to raise the thiocyanate in 
the serum to an analyzable concentration. This creates the prob- 
lem of possible toxicity for these patients. 

Previous work has shown the similarity of distribution of bro- 
mide and chloride in tissues (8,9). Bromide is non-toxic in the dos- 
age required and occasions no discomfort or untoward symptoms. 
Its chemical determination is made by a previously reported 
method (10), relatively simple and accurate (within 1 per cent) 
on 1 to 2 ml. of serum or urine containing 0.1 mg. of bromide. 
Data will be presented to show that the bromide is quickly dis- 
tributed throughout the body, is excreted slowly, and is distributed 
between serum and transudates according to the dictates of the 
Gibbs-Donnan equilibrium. 


EXPERIMENTAL 


All the animal experiments were performed in the postabsorptive 
state. 2 per cent sodium bromide was injected intravenously into 
dogs in accurate dosage from a burette. When the bromide was 
given by stomach tube, either sodium or potassium bromide was 
administered in 2 per cent concentration. The human subjects 
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were normal male students, and patients with edema from whom 
transudate fluid could be withdrawn from the legs with a syringe. 
These subjects were given the bromide orally in some cases (as 
2 per cent sodium or potassium bromide) and intravenously in 
others (10 per cent sodium bromide). Prior to the bromide 
administration a control sample of blood was drawn. The analy- 
sis of the serum from this blood corrects for any bromide, already 
present. Blood and urine samples were taken at intervals after 
the injection. The blood was drawn under oil, the oil replaced 
by paraffin, and the serum separated by centrifugation. 


Analytical Methods 


The successful use of bromide for measuring extracellular fluid 
depends upon the accurate determination of small concentrations. 
The determination was made by a mefhod previously reported by 
us (10). In this method the serum or urine is subjected to an 
alkaline ashing. This ashing consists essentially of fusing the 
material with solid sodium hydroxide on a sand bath and com- 
pleting the oxidation by adding solid potassium nitrate to the 
resulting melt. The organic matter is completely destroyed in 
5 to 10 minutes with no loss of bromine. The bromide is oxidized 
to bromate by sodium hypochlorite solution, the excess hypo- 
chlorite reduced with sodium formate, and the bromate estimated 
iodometrically. The method is accurate and simple on small 
amounts of bromide, one operator completing at least sixteen 
determinations in a single day. 

Chloride—For this determination, the method of Van Slyke as 
modified by Wilson and Ball was used (11). 


Results 


Equilibrium between Transudates and Serum—Potassium bro- 
mide was administered to two dogs by stomach tube. 2 hours 
later an isotonic solution of sodium chloride (100 milliliters 
per kilo) was injected into their peritoneal cavities. Experiments 
have shown that aqueous solutions placed in the peritoneal cavity 
tend to assume the composition of a serum ultrafiltrate (12) and, 
although not strictly transudates, these fluids can be considered 
as similar in composition. The chloride and bromide concentra- 
tions in the peritoneal fluid are compared with those of serum in 
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Table I. As shown in Table I, 6 hours after the infusion the ratio 
of serum to peritoneal fluid for bromide is approximately equal 
to that of chloride. 

Three edematous patients were given bromide, one by mouth 
(K), the other two intravenously. The chloride and bromide in 
the serum and edema fluid samples obtained 10 hours after are 
also shown in Table I. Here again the serum to transudate ratios 
are equal for chloride and bromide. 

The above experiments show that chloride and bromide are 
similarly distributed both between serum and peritoneal fluid and 
between serum and pathological transudates and in accordance 


TABLE I[ 
Distribution of Bromide and Chloride between Serum and Transudates 





os 
Bromide Chloride 
Subject Ratio, Ratio, 
Transu- | serum . Transu- serum 
Serum os a Serum pm oo 


| date date 


a a per mor per m.eq. per | m.eq. per 
l. HO A | t. H20 . 


SS re ..| 7.74 | 7.95" | 0.97" | 105 | 116* | 0.91* 
> See 3.54 | 3.87* | 0.92* | 111 122* | 0.91° 
Patient K............| 6.87 | 7.01 | 0.98 | 91.4 | 94.9 | 0.96 

“OB............] 1.68 | 1.68 | 1.00 | 106 111 0.96 


one Mem noe et ek 110 | 0.98 


* Peritoneal fluid. 


with the dictates of the Gibbs-Donnan equilibrium. It may be 
assumed that transudates are merely expansions of an already 
existent body of fluid, the interstitial fluid. It can therefore be 
taken that the serum concentration of bromide is related to that 
of all interstitial fluid in a predictable way; that is, by the Gibbs- 
Donnan factor 0.95. 

Volume of Extracellular Fluid in Dogs—Table II presents data 
on normal dogs in which the bromide was injected intravenously. 
The amount left in the body (fourth column) is the amount in- 
jected minus that excreted. This excretion is negligible, amount- 
ing to about 1 per cent in 5 hours for dogs in the postabsorptive 
state. The slow excretion allows sufficient time between adminis- 
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tration and the study of its distribution to insure complete dilution 
throughout the available fluids, and prevents any gradient between 
these fluids and serum. A further advantage of the slow excretion 
lies in the fact that if many determinations are necessary within 
48 hours, no more of the bromide need be administered. It is not 
generally recognized that bromide in small doses is excreted so 
slowly and most investigators in studying bromide excretion have 
administered such large doses that the total halide of the body 
has been materially increased. Under these conditions both 


Taste II 
Volume of Extracellular Fluid in Dogs 


Intravenous administration a 
os Ti A t B id Vol f 
: ime Amoun romide ,, olume o' 
“injected te, Tey | merous | Velfalar Burd | *tgcllula 
mg. hrs. mg. ino liters "tod liters 
K, 7.7 kilos 776 1 768 | 272 2.7 35.0 2.7 
4 762 | 242 3.0 38.9 
28 742 237 3.0 38.9 
—a. 512 1.5 511 82.2 5.9 34.6 6.2 
5.5 508 80.6 6.0 35.1 
28 478 73.8 6.1 35.8 
in 776 3 771 130 5.6 24.7 5.5 
5 764 131 5.5 24.3 
27 740 119 5.9 26.0 
S475: “ 776 2 771 153 4.8 27.3 4.95 
5 766 =| 153 4.75 | 27.1 
30 27.3 


754 149 4.8 


bromide and chloride will be quickly excreted until the body total 

halide returns to normal. 
Calculation of the extracellular fluid is made on the assumption 
that the following formula best approximates the absolute value. 
amount of bromide left in body _ 


Extracellular fluid = — aes 
(in liters) bromide increase per liter serum water 








0.95 


The bromide increase in serum water is the bromide found in the 
serum minus the amount present before the administration. The 
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constancy of the value for extracellular fluid obtained on measure- 
ment 2 hours and more after administration of the bromide indi- 
cates that complete distribution has taken place within this time. 

The last column in Table ITI shows the similarity of the results 
obtained when, 2 weeks later, the bromide was given orally. 
The blood sample was taken 3 hours after the salt administration. 
These results show that bromide is quickly and completely ab- 
sorbed from the gut, and that at least in normal dogs extracellular 
fluid can be measured by the oral administration of bromide. 























TasBxe III 
Volume of Extracellular Fluid in Humans 
E | 

; iit, | dig Bs, | aL Volume of 
Subject Bromide given 238 | 533 | LEE extegortalas 

| & |< | a 
| mg. per | >... | Per cent 
mg. hrs. | mg. 1 HO liters | onl 
E. B., 92.1 kilos 2016. Orally 2.5 | 1982 | 88.2) 21.4) 23.2 
4 | 1972 | 86.5) 21.6) 23.4 
6 | 1965 | 86.4) 21.6) 23.4 
8.1L. 629 “ |2016 “ 1.5 | 1994 | 120 | 15.8| 25.2 
| 4 | 1980 | 111 | 16.9) 26.9 
B. B., 68.6 “ 3360 ts | 2.5 | 3296 | 180 | 17.4) 25.4 
6 | 3248 | 176 17.8 25.5 
A. B., 61.4 “ 3104. Intravenously| 3 3084 | | 168 | 17.4) 28.4 
| 7.5 | 3053 | 162 | 17.9) 29.2 
3 | 3011 | 160 17.9} 29.2 
A.8.,47 “ | 3104 “ 3.5 | 3051 | 204 | 14.2\ 30.2 
6.5 | 3015 | 198 | 14.5) 30.9 
L. M., 63.6 “ 3104 . | 9 3042 | 161 | 17.9) 28.2 








These results also show that this volume does not exhibit marked 
variations in the same subject during short intervals. Results 
on twenty dogs show wide variations among them, the extracellular 
fluid ranging from 25 to 40 per cent of body weight. No attempt 
was made to express the results in terms of liters per sq. m. 

Table III shows the results obtained after administration of 
bromide to humans without edema. Inthe first three subjects, 
who were laboratory workers, the salt was administered by mouth; 
and in the latter three, hospital patients, by intravenous injection. 
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As in the case of the dog experiments, it is seen that the bromide 
excreted during the first few hours is inappreciable and a 2 hour 
interval after administration is sufficient for complete diffusion of 
the anion. 

The number of measurements recorded here is insufficient for 
the drawing of any conclusions concerning a normal figure for 
extracellular fluid in humans. Work is now in progress to deter- 
mine the value on a large number of normal subjects and patients 
without visibleedema. Unpublished experiments indicate that the 
extracellular fluid expressed in percentage of body weight tends 
to be smaller in heavier individuals, but when expressed in liters 


Tasie IV 
Volume of Extracellular Fluid in Patients with Edema 
Dose, 3104 mg. of bromide intravenously. 


| Bromide increase in | 


Time Bromide 











Subject intl | tte rr extracellular fluid 
” fluid 

| mg. per l. | mg. per l. , | Ber cont 

| hrs. mg. 0 30 liters an 

H.H.,82kilos | 2.5 | 3088 | 91.1 | 68.0 | 32.2 | 39.4 
| §.5 | 3073 | 81.7 | 77.9 | 36.7 | 48.5 

24 3054 | 78.0 | 78.0 | 37.2 | 45.4 

M.N., 71.4 “ 3 3097 | 82.2 | 83.2 | 35.8 | 50.3 
7 3092 | 78.5 | 81.6 | 37.4 | 52.5 

24 3039 | 77.5 | 79.3 | 37.2 | 52.1 











per sq. m. of body area is remarkably constant. The average 
value is higher in males than in females. 

Volume of Extracellular Fluid in Patients with Edema—Table IV 
shows the data obtained after intravenous injection of bromide 
in two patients with edema due to cardiac failure. A much longer 
interval is required to allow the bromide to diffuse throughout all 
the edema fluid. This is shown especially with patient H. H. in 
whom even after 5 hours the bromide concentration of the edema 
fluid was lower than that of the serum. On this account we have 
found it convenient to inject the bromide in the morning and take 
the final blood sample 24 hours later. The bromide excretion in 
this time is so small because both these patients were on a restricted 
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salt diet. Both had marked edema, which is reflected in the value 
for extracellular fluid. 

Measurement of Increases in Extracellular Fluid—A method of 
measuring extracellular fluid should be sensitive to quantitative 
changes in its volume. The final test of the proposed method 
is its ability to determine gains (or losses) in the extracellular 
fluid. In order to increase this volume, isotonic saline was 
infused intraperitoneally in dogs. As shown in Table V, in- 
creases in extracellular fluid produced in this way can be satis- 
factorily measured. Immediately after the first measurements of 
extracellular fluid at 2 and 2.5 hours respectively, the intraperi- 


TaBLe V 
Volume of Extracellular Fluid in Superhydrated Dogs 


Time after Volume of Increase in Fluid lost Volume of 


Dog injection of | extracellular extracellular by urine infused saline 
ide fluid fluid excretion accounted for 
(1) (2) (3) (4) (5) (4) + (5) 
Ars. liters liters laker mi. 
N,13kilos | 2 3.8 
(Intraperiteneal infusion of 1300 ml. 0.9% sodium chloride) 
s 4.75 0.95 0.300 1250 
0,146 “ 2.5 5.1 
(Intraperitoneal infusion of 1450 ml. 0.9% sodium chloride) 


9 6.2 


1.10 0.120 1220 


toneal injections of normal saline were made. The measurements 
were then repeated 6 and 6.5 hours later respectively. 


DISCUSSION 


Bromide is distributed throughout the body similarly to chloride 
and therefore its use in measuring the body extracellular fluid is 
valid only if chloride is confined to this phase. That this is not 
entirely so is shown by the fact that both bromide and chloride 
enter blood cells and gastrointestinal secretions. Also, work from 
this department (13) indicates that the extracellular fluid of the 
brain and cord is in equilibrium with cerebrospinal fluid and that 
bromide does not enter this compartment as freely as elsewhere. 
However, recent work indicates that chloride is mainly extracellu- 
lar (1,3). While the extracellular fluid volume as we have calcu- 
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lated it is not the absolute value, it closely approximates it and 
reflects changes in hydration affecting this volume. It seems 
likely, therefore, that the measurement of extracellular fluid by 
means of bromide will prove useful in experimental studies on water 
balance, and clinically in determining whether a patient has been 
restored by treatment to a normal state of hydration. 


SUMMARY 


1. The considerations underlying a method for estimating the 
extracellular phase of the body by the intravenous and oral 
administration of bromide and determination of the serum con- 
centration after a suitable interval are discussed. 

2. The method has been tested on normal and superhydrated 
dogs, on normal persons, patients without edema, and patients 
with edema. In all the abnormal cases the measured extracellular 
fluid reflected the expected changes. 


We express our thanks to Dr. William Goldring for his help in 
arranging for our study of the hospital patients. 
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PYRUVATE IN WORKING MUSCLES OF NORMAL 
AND VITAMIN B,-DEFICIENT RATS 
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(From the Division of Experimental Medicine, The Mayo Foundation, 
Rochester, Minnesota) 


(Received for publication, July 31, 1939) 


Considerable support for the Embden-Meyerhof scheme for 
muscle glycolysis in vivo was afforded by Johnson and Edwards 
(1) in their finding of increased pyruvate content of the blood and 
urine after hard exercise in young men. The lactate and pyruvate 
recovery curves for blood and urine in young men after hard 
running were similar in shape but the pyruvate was present in 
much smaller amounts than lactate. They had no direct proof 
that the pyruvate was formed in the muscles and considered the 
possibility that the excess pyruvate might be a product of oxida- 
tion of excess lactate by the liver or other tissue or might be asso- 
ciated with the rise in blood sugar. Flock, Bollman, and Mann 
(2), however, found that intravenous injection of lactate did not 
increase the pyruvate content of the blood, but that injections of 
glucose, levulose, or epinephrine increased the pyruvate as well 
as the lactate content of the blood. An increase in pyruvate in 
the blood associated with muscular activity has also been observed 
in the dog (3) and in the rabbit (4). 

Our observations definitely establish the muscle as the site of 
pyruvate formation in exercise and further indicate its association 
with lactate formation and other anaerobic processes which occur 
in the early phases of continuous exercise. Because of the asso- 
ciation of increased pyruvate with vitamin B, deficiency, the 
changes in pyruvate which occur in exercising muscle were also 
determined in vitamin B,-deficient rats. 


EXPERIMENTAL 


One hind leg of rats under amytal anesthesia was stimulated, 
as described by Heron, Hales, and Ingle (5), three times each sec- 
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ond. The Achilles tendon was loaded with a 100 gm. weight and 
the movement of the weight mechanically recorded. The maxi- 
mum amount of work was recorded in the Ist minute with approxi- 
mately a 30 per cent decrease during the 2nd minute but a further 
decrease was not recorded and a steady state was maintained. At 
the indicated period both gastrocnemius muscles were rapidly 
removed and plunged into a freezing mixture of solid carbon 
dioxide and alcohol. The frozen muscle was fragmented between 
cooled steel blocks, and aliquots were weighed and placed in 5 
per cent trichloroacetic acid. This was shaken with glass beads 
for 10 minutes, filtered, and treated with 2,4-dinitrophenyl- 
hydrazine, as described by Peters and Thompson (6) for the 
determination of pyruvic acid. 

Rats were allowed to live on a vitamin B-free ration consisting 
of 18 per cent extracted casein, 51 per cent corn-starch, 18 per 
cent lard, 9 per cent butter fat, and 4 per cent salt mixture (7) 
for 41 to 47 days, when they had lost 30 per cent of their original 
weight. The muscle was stimulated and taken for analysis as 
described in the preceding paragraph. 


Results 


The resting muscle of 86 normal rats contained 1.52 + 0.53 mg. 
(s.p.) of pyruvie acid for each 100 gm. of muscle, and the blood 
contained 2.61 + 0.16 mg. (s.p.) of pyruvic acid for each 100 ce. 
The resting muscle of the vitamin B-deficient rats contained 
3.30 + 0.96 mg. (s.p.) and the blood contained 4.60 + 1.14 mg. 
(s.D.). 

Tabulation of the difference in the pyruvic acid content of the 
stimulated and the resting muscle from the same animal indicated 
that the following occurred on continuous stimulation. Within 
the first few seconds there is a rapid rise in the pyruvate content 
of the stimulated muscle, the maximum increase of 4 to 6 mg. of 
pyruvic acid for each 100 gm. of muscle being present from 30 
to 60 seconds after the beginning of stimulation. A gradual 
return to resting values occurred after 2 to 5 minutes of continu- 
ous work (Fig. 1). No great difference is evident in the pyruvate 
changes of working muscle of vitamin B,-deficient rats as com- 
pared to normal rats except for the fact that the resting level is 
higher in the vitamin-deficient rats and there is perhaps a ques- 
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tion of a slower return to the resting level with continuous exer- 
cise (Fig. 2). 

When exercise was discontinued after 1 minute and the muscle 
allowed to rest for 1 or more minutes before removal, the pyruvic 
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Fic. 1. The increased pyruvate content of the muscles of the working 
leg is indicated as the difference between the pyruvate content of the 
muscle of the stimulated leg, contracting three times each second, and of 
the corresponding muscles of the unstimulated leg taken at the same time. 
The values for the resting leg were always within normal limits. 


acid content of the exercised muscle differed from that of the 
control muscle to the same degree with time as with continuous 
work (Figs. 1 and 2). Muscles of normal and vitamin-deficient 
rats restimulated for a minute, after previous stimulation and rest 
for a few minutes, showed an increased amount of pyruvate in 
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the stimulated muscle, but the increase was considerably smaller 
than that found with 1 minute of original stimulation. In various 
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Fic. 2. The increased pyruvate content of the muscles of the working 
leg is indicated as the difference between the pyruvate content of the 
muscle of the stimulated leg, contracting three times each second, and of 
the corresponding muscles of the unstimulated leg taken at the same time. 
The values for the resting muscle in the vitamin-deficient rats were ap- 
proximately twice those found in resting muscle of normal rats, but were 
not materially affected by stimulation of the other leg. 





experiments after 3 to 28 minutes rest the subsequent increase was 


from 1 to 2 mg. per 100 gm. 
Tests for methylglyoxal, both by the method of Simon and 
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Neuberg (8) and by the method of Ariyama (9), were negative 
with resting muscle and also with muscle taken after exercise 
of varying duration. 


Comment 


The method employed for the determination of pyruvic acid 
is not specific for that substance and the increases found may be 
due to such substances as diacetic, oxaloacetic, glyoxylic, or 
mesoxalic acid or to a-ketoglutaric acid. Such a possibility, how- 
ever, appears remote, because Johnson and Edwards isolated 
pyruvic acid, in amounts comparable to their determination 
with the Peters and Thompson method, from the blood and urine 
of human subjects after they had exercised to exhaustion. 
Thompson and Johnson (10) isolated pyruvic acid from the blood 
of vitamin B,-deficient pigeons and rats and Westerkamp (11) 
isolated it from normal hog blood. Shindo (12) also has isolated 
pyruvic acid from the blood of humans suffering with beriberi. 

Our findings therefore confirm the suggestion of Johnson and 
Edwards that pyruvic acid is formed in the muscle during exer- 
cise and may rapidly diffuse into the blood. The formation of 
pyruvic acid by metabolic processes not associated with contrac- 
tion was indicated by Flock, Bollman, and Mann, who found an 
increase in the pyruvate content of the blood and urine of dogs 
after administration of glucose, levulose, or epinephrine. This 
increase was associated with a much larger increase in lactic 
acid, but it did not occur following the injection of lactic acid. 
The injection of pyruvate was followed by a marked increase in the 
lactate content of the blood and urine. It would therefore appear 
that the in vivo formation of pyruvic acid may be a precursor of 
lactic acid formation but not a result of the oxidation of lactic 
acid. Our experiments showed that the maximal increase in the 
pyruvic acid content of the muscle was approximately one-fortieth 
as great as the simultaneous increase in lactic acid of exercising 
muscle. In resting muscle the ratio of pyruvic acid to lactic 
acid was about 1:10, but this figure is probably low because of the 
inaccuracy of the determination of small amounts of pyruvate. 

The removal of the excess pyruvic acid in the muscle seems to 
be largely accomplished by diffusion into the circulating blood and 
it appears to be removed more rapidly than lactic acid under 
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similar circumstances. We believe that the fact that the rate of 

removal of the excess pyruvate is similar with continued work 

or with rest and also the occurrence of a second rise in pyruvate 

concentration of muscle during a succeeding minute of stimula- 

tion after a short rest indicate that the excess is removed by 

diffusion and not by increased rate of oxidation or resynthesis. 

If this were not true, an increased rate of removal should be evi- 

dent on rest or restimulation. In the absence of evidence of an 

increased rate of removal, it is obvious that the return to the 

normal concentration of pyruvic acid in the muscle is evidence of 

the decrease or cessation of formation of pyruvic acid by the con- 

tinuously working muscle at this rate of stimulation. In this 

way pyruvic acid formation by contracting muscle is similar to 

y other anaerobic processes which appear to be associated with 
only the initial phases of continuously contracting muscle. 

In rats with marked vitamin B, deficiency, the pyruvate content 

of the blood and tissue was greater than found in normal animals. 

The increased pyruvate content does not appear to be due to 

alterations of the contracting mechanism of muscle, because the 

amount of pyruvic acid increase found after stimulation was of 

the same magnitude as found in normal rats. The rate of disap- 

pearance of the excess pyruvate during continuous work or with 

rest may appear to be somewhat delayed but this delay could 

easily be attributed to minor changes in the circulation of the 

blood of the vitamin-deficient rats. Our investigations had no 

direct bearing on the possible delay in the removal of excess 

pyruvate from the blood in vitamin B, deficiency. 


SUMMARY 


Rat muscle contracting at the rate of three times each second 
rapidly increases its content of pyruvic acid, so that 4 or 5 times 
the amount found in resting muscle is present within 30 to 60 
seconds. The ratio of the increased pyruvic acid to the increased 
lactic acid is about 1:40. The excess pyruvic acid is rapidly re- 
moved from the muscle, so that resting values are again present 
after 2 to 5 minutes. Theremoval of the excess is similar whether 
work continues or whether rest ensues. A second period of mus- 
cular activity following a short rest is again accompanied with an 
increased pyruvate content of the muscle. 
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of The blood and muscle of vitamin B,-deficient rats contain in- 
rk creased amounts of pyruvate, but the pyruvate content of con- 
Ye tracting muscle is further increased as in the normal animal. 
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A SPECTROSCOPIC METHOD FOR THE DETERMINATION 
OF OXYGEN SATURATION IN WHOLE BLOOD 


By F. G. HALL 


(From the Department of Zoology, Duke University, Durham, North 
Carolina) 


(Received for publication, June 8, 1939) 


Spectroscopic methods offer many opportunities for the study 
of hemoglobin-oxygen relations. Large quantities of blood are 
not required; rates of reactions may be determined; hemoglobin 
in a purified state and in dilute solutions may be studied. Krogh 
and Leitch (1919) used a spectroscopic method in the study of 
blood. They made determinations on the oxygen saturation of 
fish hemoglobin in whole blood. In most of the recent investiga- 
tions dilute solutions have been employed. When concentrated 
solutions are to be studied, especially when hemoglobin is within 
intact corpuscles, several difficulties arise. Recently, however, 
Drabkin and Austin (1935-36) have devised a new type of cell in 
which spectrophotometric studies can be made. They have 
shown that Beer’s law applies for hemoglobin solutions in a range 
of concentrations from that of whole blood to very dilute solutions. 
They have also shown that hemoglobin within the red blood 
corpuscles and without give the same specific absorption of light. 
Both of these points are fundamental to any quantitative spectro- 
scopic procedure. 

The purpose of this present paper is to describe a spectroscopic 
method for the determination of percentage saturation of whole 
blood with oxygen at various gas tensions. The method is suitable 
for the study of the blood of small animals or when limited quanti- 
ties of blood are available. 


Methods 


The principal feature of the method lies in the type of tonometer 
and the manner in which blood is equilibrated within it. The 


573 











574 Oxygen Saturation in Whole Blood 


tonometer was constructed as is shown in Fig. 1. The stop-cock 
is similar to those on the Barcroft type of tonometers. One end of 
the tonometer is inverted to allow for a 100 watt, 110 volt pro- 
jection bulb. Two constrictions about 2 cm. apart limit blood to 
a given area. Whole blood is placed between these constrictions 
and the tonometer is slowly rotated in a constant temperature 





























Fie. 1. Tonometer 

















WATER BATH 














Fie. 2. Schematic representation of apparatus used in the spectroscopic 
method. The position of the tonometer relative to the spectrocomparator 
is shown. Two parallel spectra are observed at (S), one from blood in the 
tonometer and the other from standards in cups of the spectrocomparator. 


water bath; a thin film of blood is formed. A spectrocomparator 
with a Zeiss microspectroscope is placed in position, as shown 
schematically in Fig. 2, and percentage saturation of the blood 
with oxygen determined in the same manner as with hemoglobin 
solutions (Hall, 1934, 1935). 

A 200 ohm resistance is connected to the projection bulb in order 
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that light intensities in the two fields of the spectroscope may be 
balanced. The light bulb is mounted in a test-tube. The test- 
tube serves as a bearing on which the tonometer turns. For most 
samples of blood a speed of rotation of about 30 R.p.M. is satisfac- 
tory. However, blood samples vary a great deal and one must se- 
lect a speed that gives just the proper thickness of film. The sharp- 
ness of the absorption bands of hemoglobin by inspection of the 
spectroscopic field offers the best way to determine the appro- 
priate speed of rotation. The slit of the microspectroscope is 
kept at a minimum opening to obtain greatest precision. 

Gas mixtures, preparation of tonometer, analysis of gas sample, 
and calculation of gas tensions are made according to methods 
described by Dill (Henderson, 1928). The only modification of 
these methods is that it is not necessary to remove the tonometer 
from the bath for removing gas samples and several determinations 
can be made on a single sample of blood. About 1 cc. is sufficient 
for an entire dissociation curve. ; 

Hemoglobin solutions are prepared as follows: 0.5 cc. of blood 
is added to 50 cc. of distilled water. Saponin may be added if 
hemolysis is not complete. The hemoglobin solution is saturated 
with air and a portion is added to the upper cup of the spectro- 
comparator. About 25 cc. are added to the lower cup. Just 
enough hydrosulfite is added to the solution in the lower cup to 
reduce the hemoglobin completely. It has been found advisable 
to add a few mg. of sodium bicarbonate before the hydrosulfite 
is added. The colorimeter cups are set to give a total and uni- 
form depth of 20 mm. This will give a hemoglobin concentra- 
tion approximately equal to that in the film of whole blood. By 
inspection of the spectroscopic field one can observe whether or not 
the concentrations are sufficiently similar to maintain accuracy. 

No difficulty has been encountered owing to variations in film 
depth in the tonometer during readings. With a reasonably con- 
stant rotation of tonometers containing heparinized blood, uniform 
readings were obtained over a period of several hours. 

Test of Method—To test the reliability and accuracy of the 
method the following procedure was used. About 4 cc. of rabbit 
blood were placed in the tonometer for each test. The tonometer 
was washed several times with nitrogen; then a gas mixture which 
would give 40 mm. of Hg partial pressure of CO; and a known 
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oxygen pressure was added. Equilibration was carried out at 
37° for 15 minutes. Ten readings were made on the spectro- 
comparator at each oxygen pressure. The tonometer was turned 


TaBLe I 
Comparison of Spectrocomparator Readings with Van Slyke Analyses on 
Samples of Whole Blood When Equilibrated under Identical Conditions 
Results are expressed in percentage saturation of hemoglobin with 
oxygen. 














Sample No. Spectroscopic Van Slyke 
1 15.8 17.1 
2 18.2 19.1 
3 26.4 25.9 
4 38.9 38.1 
5 44.4 45.8 
6 54.6 56.2 
7 68.0 71.4 
8 75.5 77.8 
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Fic. 3. An oxygen dissociation curve of human blood as determined by 
the spectroscopic method. Temperature 37.0°; pCO, 40 mm. of Hg. 
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on end in the bath. Blood was allowed to drain into the stopper. 
The stopper was removed and blood drawn into a Van Slyke 
pipette. Analysis of the oxygen content was made on a Van 
Slyke manometric apparatus in the customary manner. The 
percentage saturation was calculated. Table I shows how the 
spectroscopic method compares with the standard Van Slyke proce- 
dure. It will be noted that results obtained with the spectroscopic 
method compare fairly favorably with the Van Slyke determina- 
tions. At higher saturations the spectroscopic readings appear 
to be slightly lower than those calculated from Van Slyke analyses. 
A difference in transparency of whole blood and the standard 
hemoglobin solution in the spectrocomparator may account for 
this small discrepancy. 

A typical dissociation curve plotted from spectroscopic observa- 
tions with | cc. of human blood is shown in Fig. 3. 


SUMMARY 


A spectroscopic method is described whereby the percentage 
oxygen saturation of hemoglobin within intact corpuscles can be 
determined. A complete oxygen dissociation curve can be 
determined with 1 to 2 cc. of whole blood. 
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HYDROLYSIS OF THE CONJUGATED ESTROGENS 
IN THE URINE OF PREGNANT MARES 
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(From the Connaught Laboratories, University of Toronto, Toronto, Canada) 


(Received for publication, July 13, 1939) 


Within recent years it has been established by Marrian and 
collaborators (1-4) that over 90 per cent of the female sex hor- 
mones in human and equine pregnancy urine are excreted, not as 
the ether-soluble, highly active free hormones, but as water- 
soluble, ether-insoluble conjugates, relatively inert physiologically. 
Two combined estrogens have been isolated: from human preg- 
nancy urine, a monoglucuronide of estriol (2), which, weight for 
weight of estriol, is but one-seventeenth as potent as the free 
hormone (3), and, from the urine of pregnant mares, the potassium 
salt of estrone sulfate (4). Before a reliable estimate of the total 
estrin content can be obtained by biological assay, it is therefore 
necessary to subject urine to a form of hydrolytic treatment that 
will quantitatively convert the impotent conjugates into the active 
free estrogens. Likewise, colorimetric assay and the isolation of 
the free estrogens in maximum yield first require the complete 
conversion of the combined forms into the ether-soluble free 
forms. 

Optimum conditions for the hydrolysis of the conjugated es- 
trogens in human pregnancy urine have been established by 
Cohen and Marrian (5); namely, heating for 2 to 4 hours at pH 
1 to 2 in the autoclave at 15 pounds pressure. The estrogens in 
the urine of the pregnant mare are, however, less stable and the 
application of heat in an acid medium results in destruction of 
considerable amounts of the estrin set free (Beall and Marrian 
(6)). By allowing mare urine acidified to pH 0.8 to 1.0 to stand 
at room temperature for 7 to 10 days, Beall and Edson (7) ob- 
tained more satisfactory yields but the extent of the conversion 
under such treatment was not ascertained. 
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In the present investigation the hydrolysis of the conjugates in 
mare urine has been followed by estimating colorimetrically the 
amount of estrin released on standing at room temperature under 
different conditions of hydrion concentration. Maximum libera- 
tion takes place after approximately 4 weeks at pH 0.4 to 0.6. 
While it cannot be stated with certainty that these optimum con- 
ditions effect complete hydrolysis, no method giving a higher yield 
has been found. For physiological purposes it is therefore neces- 
sary to assume that conversion is quantitative. Use of this form 
of hydrolytic treatment has revealed the presence in equine preg- 
nancy urine of considerably greater quantities of estrogenic 
hormones than heretofore reported. Frequently values of 15 to 
20 mg. of estrin (calculated as estrone) per 100 cc. of urine have 
been observed during the 7th month of gestation; these figures 
have been further substantiated by the isolation of proportional 
amounts of pure estrone (m.p. 252-254°, uncorrected). 

Identical conditions were found optimum for the hydrolysis 
of the conjugates in the urines of early, middle, and late preg- 
nancy. Since the relative proportions of the several estrogens 
excreted by the mare vary enormously with time of gestation 
(Girard (8); Dirscherl and Hanusch (9)), it follows that the com- 
bined forms of all possess approximately the same degree of sta- 
bility. 

EXPERIMENTAL 


Treatment of Urine and Estimation of Estrin—Urine was col- 
lected over the periods indicated below Figs. 1 to 3, concentrated 
in vacuo to approximately 0.1 volume, acidified with hydrochloric 
acid (12 N) to the desired pH (quinhydrone electrode), and stored 
in stoppered bottles in the dark at 18-25°. At the times recorded 
an amount of the acidified concentrate equivalent to 100 cc. of 
original urine was pipetted into a separatory funnel, diluted to 
100 cc., and extracted thrice with 100 ec. portions of toluene. The 
phenols and acids were shaken from the combined toluene extracts 
with sodium hydroxide solution, once with 50 cc. of 5 N and three 
times with 50 cc. of n. After acidification of the combined 
alkaline washings to Congo red with hydrochloric acid, and neu- 
tralization to litmus with sodium carbonate, the total phenols 
were extracted from the acids with freshly redistilled ether 
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(3 X 100 ce.). Removal of the “strong phenols”’ from the united 
ethereal extracts was then effected by shaking with 0.1 N sodium 
hydroxide solution (4 X 100 cc.). The ether, containing the 
“weak phenolic” fraction, was then washed with water (3 x 100 
ec.) and taken to dryness. The residue, nearly always crystalline, 
was dissolved in a known volume of ethanol and aliquot samples 
were assayed for their estrin content by the method of Cohen and 
Marrian (5). 

The results are expressed in terms of estrone which is by far 
the most abundant estrogen of the “weak phenolic’ fraction. 
Although other estrogenic hormones are contained therein, this 
procedure is considered justifiable in view of the excellent agree- 
ment observed by Cohen and Marrian (5) and Beall and Edson 
(7) between the values (calculated as estrone) obtained by colori- 
metric and by biological assay of the “weak phenolic’’ fraction. 

It should be noted that the “strong phenolic”’ estrogens such as 
estriol are excluded from the estimates, owing to extraction with 
0.1 N sodium hydroxide previous to assay. The separation was 
effected in the present instance in order to arrive at an evaluation 
of the estrone content. When a measure of the total female sex 
hormone content is required, the ethereal extracts containing the 
total phenols should of course be assayed. 

Hydrolysis Curves—lllustrated are three sets of hydrolysis 
curves which pertain (a) to urine collected during the 24th week 
of gestation, at which time the total hormone output is rising 
(Fig. 1), (6) to urine of the 29th to 31st weeks of gestation, when 
the estrin excretion is at or near its maximum (Fig. 2), and (c) 
to the urine of late pregnancy (38 to 41 weeks), when the total 
amount excreted is rapidly declining and the proportion of equilin 
and equilenin to estrone is relatively high (Fig. 3). Since the pH 
fluctuates slightly during the course of the hydrolysis, three 
values are recorded for each curve in the legends, respectively 
the pH at the beginning, middle, and end of the experimental 
period. Each observation represents the average of two colori- 
metric determinations on the ‘weak phenolic” residue. Concen- 
trations are given as mg. of estrone per 100 cc. of unconcentrated 
urine. 

From all curves it is apparent that the previously accepted con- 
ditions (7 to 10 days at pH 0.8 to 1.0) set free only about one-half 
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of the possible total. Regardless of stage of gestation, the maxi- 
mum quantity of estrin is liberated after approximately 4 weeks 
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Fig. 1. Estrone from urine of early pregnancy in the mare. Time of 
gestation, 23 to 24 weeks. A pH 0.39, 0.48, and 0.37; O pH 0.59, 0.65, and 
0.56; @ pH 0.82, 0.83, and 0.76. 
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Fia. 2. Estrone from urine of middle pregnancy in the mare. Time of 
gestation, 28 to 30 weeks. O pH 0.28, 0.35, and 0.26; A pH 0.56, 0.59, and 
0.52; @ pH 0.93, 0.90, and 0.90. 


at pH 0.4 to 0.6. The optimum pH limits are confined to this 
narrow range. Above pH 0.6 by as little as 0.2 pH unit, hydrol- 
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ysis is distinctly incomplete even after a prolonged period of time, 
and below pH 0.4 a lewer maximum is attained, followed by a 
more pronounced fall which is indicative of some destruction of 
the product in the strongly acid medium. 
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Fic. 3. Estrone from urine of late pregnancy in the mare. Time o 
gestation, 38 to 41 weeks. A pH 0.20, 0.25, and 0.22; O pH 0.55, 0.57, and 
0.47; O pH 0.86, 0.91, and 0.85; @ pH 1.20, 1.19, and 1.08; A pH 1.52, 1.59, 
and 1.54, 


SUMMARY 


Conditions effecting hydrolysis of the biologically impotent, 
‘water-soluble conjugated estrogens in the urine of pregnant mares 
have been examined. Maximum conversion to the physiologically 
active, ether-soluble free hormones takes place when urine acidi- 
fied to pH 0.4 to 0.6 is allowed to stand at room temperature for 
at least 4 weeks. The same optimum conditions apply through- 
out gestation. 
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SPECTROCHEMICAL ASSAY OF ANDROSTERONE AND 
DEHYDROISOANDROSTERONE IN SIMPLE SOLUTIONS 


By G. O. LANGSTROTH, N. B. TALBOT, anp A. FINEMAN 


(From the George Eastman Laboratories of Physics, Massachusetts Institute 
of Technology, and from the Biological Laboratories, Harvard University, 
Cambridge, and the Department of Pediatrics, Harvard Medical 
School, Boston) 


(Received for publication, July 28, 1939) 


This article extends previously published work (1, 2) concerned 
with the quantitative assay of synthetic androgens in simple al- 
coholic solutions; it describes a convenient procedure for the de- 
termination of androsterone and dehydroisoandrosterone. The 
studies have been undertaken with the expectation that such data 
will be of value in the development of assay methods applicable 
to more complex solutions, e.g. extracts of biological material. 

The procedure involves (a) a determination of androsterone 
plus dehydroisoandrosterone in the original sample, (b) precipi- 
tation of the latter hormone with digitonin, (c) purification of the 
supernatant fluid, and (d) a determination of the androsterone 
content of the supernatant fluid. Measurements of hormone 
content are made by spectrochemical means (m-dinitrobenzene 
reaction (1, 2)). The precipitation is accomplished by a modifica- 
tion of the method used by Schoenheimer and Sperry (3) for precip- 
itation of certain blood serum sterols. The purification pro- 
cedure involves extraction of the androsterone with benzene, and 
is necessary for the removal of substances which interfere with the 
m-dinitrobenzene reaction. The present procedure was developed 
after the preliminary experiments of one of us (A. F. (4)) had 
shown the feasibility of this method of attack. 

Digitonin has been used by other investigators (5-8) in the sepa- 
ration of dehydroisoandrosterone from androsterone, but so far 
as we know no attempt has been made to develop a convenient 
assay procedure based on its use. The data presented in this ar- 
ticle show that reasonably accurate determinations of the amounts 
of androsterone and dehydroisoandrosterone in simple alcoholic 
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solutions containing both hormones can be made conveniently, 
Furthermore, there is evidence to show that a detailed assay may 
be made with simple solutions containing androsterone, dehy- 
droisoandrosterone, and testosterone. 


EXPERIMENTAL 


Determination of Hormone Content—The hormone content of 
the solutions before and after precipitation of the dehydroiso- 
androsterone was determined spectrochemically. The m-dinitro- 
benzene reaction conditions, the standardization of reagents, and 
the method of determination of extinction coefficients were ident- 
ical with those previously described (1, 2). Samples of crystal- 
line androsterone and dehydroisoandrosterone were generously 
supplied by Dr. Erwin Schwenck of the Schering Corporation. 
They were made up in known solutions with absolute alcohol 
without further purification. 

Precipitation of Dehydroisoandrosterone—0.5 cc. of acetone and 
2.0 cc. of an aqueous digitonin solution (7 mg. per cc.) were 
added to 1 cc. of an alcoholic solution containing androsterone, 
or dehydroisoandrosterone, or both. Occasionally these amounts 
were doubled, but this change involved no further modification of 
the procedure. After careful shaking, the mixture was allowed 
to stand overnight in an atmosphere containing alcohol vapor (to 
prevent evaporation). It was then centrifuged at 2000 r.p.m. for 
15 minutes. A measured amount of the supernatant was care- 
fully removed, transferred to a glass-stoppered bottle, and carried 
through the purification procedure described below. 

According to Fieser (9), the precipitate is an equimolecular 
complex of sterol and digitonin. Since the molecular weight of 
digitonin is 4.7 times that of dehydroisoandrosterone, the 14 mg. 
of the former normally added should be capable of precipitating 
more than 2 mg. of the latter; z.e., the normal procedure should be 
adequate for dehydroisoandrosterone concentrations up to at 
least 2 mg. per cc. 

Purification of Supernatant Fluid—25 cc. of benzene were added 
to the supernatant fluid referred to above and the mixture was 
shaken vigorously for 5 minutes. After a short period was al- 
lowed for partial separation of the aqueous-benzene phases, about 
four-fifths of the mixture was decanted through a soft filter paper 
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into a small bottle. A measured amount of this solution (usually 
20 cc.) was transferred to a distilling flask, and evaporated to dry- 
ness over a boiling water bath with the aid of a partial vacuum. 
15 to 20 cc. of ethyl ether were then added, and the solution was 
evaporated to dryness at atmospheric pressure. The residue was 
taken up in an appropriate amount of absolute alcohol, and the 
hormone content was determined spectrochemically, as previously 
described. 

The purification procedure is necessary because some, at least, 
of the added substances interfere with the m-dinitrobenzene reac- 
tion. After precipitation of dehydroisoandrosterone, the super- 
natant fluid contains water, acetone, and digitonin, in addition to 
the unprecipitated hormone. The water and digitonin are largely 
eliminated during the extraction with benzene, while the acetone 
and the benzene are eliminated by evaporation. The results of 
Table I indicate that the purification procedure is adequate. 

Procedure Losses—Because of the rejection of a part of the 
supernatant fluid, and of the water and some benzene, the final 
alcoholic solution contained less androsterone than the original 
sample. The ratio of the amount in the final solution to that in 
the original sample is referred to in Table I as the retention fac- 
tor. This factor was calculated, as may be seen from Table I, 
from tlfe data for the volumes taken and rejected in the various 
steps of the procedure. Two assumptions were involved in the 
calculation; it was assumed that (a) the androsterone was uni- 
formly distributed throughout the entire volume of the super- 
natant fluid, and (b) that it was uniformly distributed throughout 
the organic solvents after the addition of benzene. The deter- 
mined amount of androsterone in the original sample was ob- 
tained by dividing the determined amount in the final alcoholic 
extract by the retention factor (ef. Table II). 

Reagents and Apparatus—The absolute alcohol, acetone, and 
benzene used were Merck’s reagent quality; the ethyl ether was 
Merck’s reagent quality freshly distilled. Hoffmann-La Roche’s 
digitonin was made up in a 1 mg. per cc. aqueous solution; after 
standing overnight the solution was filtered and concentrated to 
7 mg. per cc. by evaporation in a boiling water bath (ef. (3)). 
No cork, rubber, or grease was employed in the all-glass appara- 
tus used in carrying out the procedures. 
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Results 


Detailed data obtained with samples containing androsterone 
only, dehydroisoandrosterone only, and mixtures of both hor- 
mones are given in Table I. These data indicate that (a) the pre- 
cipitation of dehydroisoandrosterone is essentially complete, and 


TABLE [ 


Detailed Data Illustrating Calculations Involved, and Showing Feasibility of 
Procedure for Simple Alcoholic Mixtures 


Final sample 








Original hormone | Additions Purification | —— —_ 
Total Reten- mpuind served 
= ery | vol- tion aes —— 
An- | Deby- _ | aan Super- Vol- —_? An- | oie Total 
o- S| a a a natant bend droster-| andros-| _hor- 
om > taken*| aed one inal mone} 
mg. mg. | ct. ec. ec. ce. ee. ec mg. mg. mg. 
0.00) 2.0 | 1.0/2.0) 0.5 3.5 2.0 | 21.2 | 0.47 | 0.0 | 0.94 | 0.07 
0.00) 3.2 | 2.0) 4.0 1.0 | 7.0 0 | 22.2'0.58/0.0 | 1.9 | 0.15 
0.00} 4.3 | 2.0/4.0) 1.0) 7.0 | 4.0 | 22.0) 0.47/ 0.0 | 2.0 | 0.15 
1.6 | 0.0 | 0.8) 2.0 0.5 | 3.3 | 3.3 | 20.0} 0.76|1.2 | 0.0 | 1.4 
3.0 | 0.0 | 2.0 | 4.0 | 1.0 | 7.0 | 7.0 | 22.3 | 0.80) 2.4 | 0.0 | 2.3 
4.4 | 0.0 | 2.0 | 4.0 | 1.0 | 7.0 | 7.0 | 22.6 0.81 (3.6 | 0.0 | 3.7 
1.0 | 1.8 | 1.0) 2.0/0.5 | 3.5/1.8 | 21.5 | 0.43 | 0.43 0.77 | 0.39 
1.9 | 2.0 | 1.0] 2.0 | 0.5 | 3.5/1.9 | 21.2 | 0.45 | 0.86 | 0.91 | 0.92 
1.9 | 1.1 1.0/2.0 | 0.5 3.5 | 2.0 | 21.2 | 0.47 | 0.89 | 0.52 | 0.83 
4.2 | 1.8 | 2.0) 4.0/1.0 | 7.0 | 3.9 | 21.2 | 0.44 1.9 | 0.80 | 1.7 
4.1 | 4.0 | 2.0) 4.0| 1.0] 7.0 | 4.0 | 21.0 | 0.45 | 1.9 | 1.8 | 2.2, 


* 25 cc. of benzene were added to each sample of supernatant. 

t The calculated ratio of the amount of androsterone in the final alco- 
holic extract to that in the original sample. 

t These figures denote the amount which would have been present in the 
final alcoholic extract had there been no precipitation. 

§ Since the two hormones behave identically in the m-dinitrobenzene 
reaction (2), these figures represent the sums of the androsterone and 
dehydroisoandrosterone contents. 


(b) that the treatment does not prohibit the use of spectrochemical 
methods for the determination of the androsterone content of 
the final alcoholic solution. The data given in Fig. 1 furnish 
additional support with respect to point (6), since they show that 
the extinction-wave-length curve for a reaction mixture made up 
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with the final alcoholic solution does not differ materially from 
that for a reaction mixture made up with an equivalent amount 
of androsterone; 7.e., the elimination of the acetone and water 
in the purification procedure is essentially complete. 
Comparisons of determined and known composition are given 
in Table II for several synthetic samples. The figures of the 
last three columns represent estimated activities in equivalent 
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Fic. 1. Comparison between the extinction-wave-length curve for a 
reaction mixture made up with a final alcoholic solution (expected andros- 
terone content 3.6 mg.) and the known curve for a reaction mixture made 
up with 3.6 mg. of androsterone. The solid line represents the known 
curve, and the plotted points denote observations for the final alcoholic 
solution. 


mg. of androsterone, and illustrate how the biological value, spec- 
trochemical assay, and sterone assay might be expected to compare 
for these particular samples. The estimated biological values 
were obtained by adding the known androsterone content to one- 
third the known dehydroisoandrosterone content (the physi- 
ological activity of the latter hormone is only about one-third 
that of the former). The values for the spectrochemical assay 
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were obtained in the same manner from the determined andros- 
terone and dehydroisoandrosterone contents. The values for 
sterone assay were taken to be equal to the total content of both 
hormones (cf. (2)). The values presuppose a negligible error in 
the biological and sterone assay. 


Tase II 
Comparison of Known and Determined Composition of Synthetic Samples; 
Estimated Correlation of Biological, Spectrochemical, and 
Sterone Assay for the Samples 














Known composition e Deemed ee ~~ 
Dehy- | bormone® Dehydro- |p. ,._,| Spectro- 
ferone. | {roisoan- sterone | iandros- |PiV cies! | chemical | “tay” 
1.0 1.8 2.8 0.9 1.9 1.6 1.5 2.8 
1.9 2.0 3.9 2.0 1.9 2.6 2.6 3.9 
1.9 1.1 3.0 1.8 ee 2.3 2.2 3.0 
4.2 1.8 6.0 3.9 2.1 4.8 4.6 6.0 
4.1 4.0 8.1 4.9 3.2 5.4 6.0 8.1 
0.0 2.0 2.0 0.1 1.9 0.67 0.77 2.0 
0.0 3.2 3.2 0.3 2.9 1.1 1.2 3.2 
0.0 4.3 4.3 0.3 4.0 1.4 1.6 4.3 
1.6 0.0 1.6 1.7 0.0 1.6 1.7 1.6 
3.0 0.0 3.0 2.9 0.1 3.0 2.9 3.0 
4.4 0.0 4.4 4.5 0.0 4.4 4.5 4.4 


























* These figures may be determined from analysis of the samples before 
precipitation of dehydroisoandrosterone (2). For the purposes of the table 
it is assumed that this has been done (without error). 


DISCUSSION 


The data presented in this paper show that the amounts of 
synthetic androsterone and dehydroisoandrosterone in alcoholic 
mixtures can be assayed with reasonable accuracy by the method 
described. Although no attempt has yet been made to assay 
synthetic mixtures for dehydroisoandrosterone, androsterone, 
and testosterone by this method, the preliminary work of one of 
us (A. F.) with a somewhat modified procedure indicates that such 
analyses are feasible (4). While the procedure is reasonably 
short and does not involve the use of elaborate equipment, ex- 
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periments designed to refine it and to test its applicability to 
biological extracts are now in progress. 


The investigation was carried out under a grant from the 
Rockefeller Foundation to Professor G. R. Harrison; a part of the 
chemical equipment and supplies was provided through a grant 
of the Rockefeller Foundation administered by Professor F. L. 
Hisaw. 

SUMMARY 


It has been possible to determine with reasonable accuracy the 
amounts of synthetic androsterone and dehydroisoandrosterone 
in simple alcoholic solutions containing both hormones. The 
procedure involves the spectrochemical (m-dinitrobenzene reac- 
tion) determination of the hormone content of the solutions before 
and after precipitation of the dehydroisoandrosterone with 


digitonin. 
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RADIOACTIVE PHOSPHORUS AS AN INDICATOR OF 
PHOSPHOLIPID METABOLISM 


VIII. THE INFLUENCE OF BETAINE ON THE PHOSPHOLIPID 
ACTIVITY OF THE LIVER 


By I. PERLMAN anp I. L. CHAIKOFF 


(From the Division of Physiology, University of California Medical 
School, Berkeley) 


(Received for publication, July 24, 1939) 


The relation of phospholipid turnover to the production and cure 
of fatty livers was dealt with in recent reports from this labora- 
tory (1, 2). In these experiments measurements were concerned 
solely with newly formed phospholipid, synthesized during the 
brief period of 30 hours or less after the administration of P®. It 
was shown that choline speeds up phospholipid turnover' in the 
livers of rats fed high fat diets, whereas the turnover is depressed 
by the feeding of cholesterol. Thus the production and the pre- 
vention of a fatty liver can now be associated with the rate of 
phospholipid turnover. 

A number of substances other than choline are known to pre- 
vent the deposition of fat in the livers of rats receiving a high 
fat diet, and an attempt is being made to determine whether 
their lipotropic action can be explained by a stimulation of phos- 
pholipid metabolism. Best and Huntsman (3) have shown that 
betaine possesses such lipotropic action, and this finding has 
been more recently confirmed by Welch and Welch (4) and by 
Platt (5). In the present study the effects of betaine upon phos- 
pholipid metabolism of the liver have been investigated with 
radioactive phosphorus as indicator. 


1 The term phospholipid turnover (or activity) as measured with radio- 
active phosphorus should be differentiated from total phospholipid con- 
tent, which in the liver may show little change even when enormous infil- 
trations of neutral fat are taking place (2). 
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EXPERIMENTAL 


The results recorded here were obtained from separate analyses 
of 240 rats, the data of 200 of which are shown in Table I and 
Figs. 1 to 3. Animals maintained on a standard laboratory diet 
were fasted for 24 hours and then placed on a high fat diet, which 
consisted of 40 per cent unsalted butter, 50 per cent glucose, 5 per 
cent extracted casein, and 5 per cent of a salt mixture (1). Vita- 
min supplements were added to the diet before feeding. The 
vitamin B complex was furnished as a concentrate obtained from 
rice bran. A standardized cod liver oil supplied vitamins A and 
D. After maintenance on this diet for 4 days, betaine or choline 
was administered. Once the rats were placed on this diet, 
access to food was permitted during the entire period of observa- 
tion. 

Radioactive phosphorus was always administered subcu- 
taneously. Each rat received 1 cc. of an isotonic solution of 
NazHPO,, which contains 3 mg. of phosphorus. Betaine and 
choline in the form of their chlorides were fed in water solution 
by stomach tube. 

The livers were removed at various intervals after betaine or 
choline and phosphorus administration. Phospholipids were 
isolated from these tissues in a manner previously described (6). 
The method by which the phospholipids were mounted and their 
radioactivity determined has also been noted elsewhere (6). 

Effect of Single Feeding of Betaine upon Phospholipid Turn- 
over in Liver—72 rats were used in the three experiments shown in 
Table I. The animals were fasted for 24 hours and then placed 
on the high fat diet described above. After 4 days of this dietary 
treatment the twenty-four rats of each experiment were divided 
into three groups and treated as follows: (1) Eight rats served 
as controls; they were injected subcutaneously with 3 mg. of 
radioactive phosphorus as an isotonic solution of NasHPO, 
(2) Eight rats were fed 275 mg. of betaine chloride by stomach 
tube at the same time that 3 mg. of labeled phosphorus were 
injected subcutaneously. (3) Eight rats received by stomach 
tube 250 mg.? of choline chloride at the same time that they were 


2 These amounts of choline chloride and betaine chloride (250 and 275 
mg. respectively) are approximately isomolecular 
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— Control Betaine-fedt Choline-fedt 
- Rat No. | Activity | Rat No. | Activity | Rat No. | Activity 
1. Malesweigh-| B17 2.73 B25 2.77 B33 3.37 
ing 160 to B18 2.84 B26 2.77 B34 3.97 
200 gm. B19 2.68 B27 4.03 B35 4.05 
B20 2.54 B28 4.35 B36 3.68 
B21 3.28 B29 4.38 B37 3.24 
B22 2.45 B30 4.36 B38 3.67 
B23 2.39 B31 4.46 B39 3.13 
B24 2.06 B32 3.22 B40 3.46 
Average activity........ 2.62 3.79 3.57 
PR cages cece cscs 45 36 
2. Malesweigh-| B41 | 3.25 | B49 3.40 | B57 3.65 
ing 140to| B42 | 3.14 | B50 4.77 | BB8s 3.88 
160 gm. B43 3.45 B51 3.62 B59 4.77 
B44 3.18 B52 3.98 B60 3.65 
B45 3.02 B53 3.91 B61 3.53 
B46 2.78 B54 4.54 B62 4.17 
B47 2.00 B55 3.85 B63 4.82 
B48 3.77 B56 4.08 B64 
Average activity........ 3.07 4.02 4.07 
% imcrease.............. 31 33 
3. Females B65 3.58 B73 3.70 B81 3.78 
weighing B66 3.20 B74 4.05 B82 2.68 
130 to 150 | B67 3.02 B75 4.47 B83 3.42 
gm. B68 2.55 B76 3.18 B84 3.05 
B69 2.54 B77 B85 5.07 
B70 3.15 B78 3.00 B86 3.88 
B71 2.70 B79 3.26 B87 3.81 
B72 2.62 B80 3.78 B88 3.07 
Average activity........ 2.92 3.63 3.60 
% inerease.............. 24 23 

















* Throughout this study, betaine- and choline-treated rats were care- 
fully matched as regards weight with control animals. Activity refers 
to the per cent of the administered labeled phosphorus found as phospho- 


lipid in the whole liver. 
t Each rat received 275 mg. of betaine chloride or 250 mg. of choline 


chloride. 
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injected with 3 mg. of labeled phosphorus. In all three groups 
the livers were excised 8 hours after the phosphorus administra- 
tion. 

The procedures adopted in the three experiments of Table I 
were identical. In Experiment 1, male rats weighing 160 to 
200 gm. were used; in Experiment 2, male rats weighing 140 to 
160 gm. were used; whereas the rats of Experiment 3 were females 
weighing 130 to 150 gm. 

Each control dnimal was carefully matched in weight with a 
betaine-treated and a choline-treated rat; the results obtained 
from the three animals of each such group are represented by 
each horizontal line of Table I. In none of the three rats shown 
in Table I did the weights vary by more than 3 gm. 

Betaine as well as choline stimulated phospholipid activity* 
of the liver. In Experiment 1 (Table I) the average value obtained 
for the phospholipid activity of the eight rats fed betaine was 45 
per cent greater than the average value observed for the eight 
control rats. The increase found with the choline feeding was 36 
per cent. In Experiment 2 the average values for phospholipid 
activity of the livers of the betaine- and choline-treated rats 
were 4.02 and 4.07 respectively, as compared with 3.07 for the 
control group. Thus a single administration of 275 mg. of be- 
taine chloride and an equimolecular weight of choline chloride led 
to an increase in phospholipid activity of 31 and 33 per cent 
respectively. In Experiment 3 average values of 2.92, 3.63, and 
3.60 were found for the activities of the control, betaine, and 
choline groups respectively. The last two values represent in- 
creases of 24 and 23 per cent in phospholipid activity. 

Relation between Amount of Betaine Ingested and Level of Newly 
Formed Phospholipid in Liver—Figs. 1 and 2 show that in single 
doses below 500 mg. the degree of stimulation to phospholipid 
metabolism produced by betaine is determined by the amount of 
this substance administered. 64 rats fed the high fat diet for 4 
days were used in the two experiments described below. In the 
first experiment (Fig. 1) thirty-two rats were divided into four 
groups. The eight rats of Group 1 received no betaine, each of 
the eight rats of Group 2 received by stomach tube 50 mg. of 


* Phospholipid activity is measured by the percentage of the ad- 
ministered phosphorus isolated as phospholipid from the whole liver. 
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betaine chloride, those of Group 3 received 200 mg. each, and those 
of Group 4 were each fed 500 mg. of betaine chloride. 
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Fic. 1. The effect of varying doses of betaine upon the level of newly 
formed phospholipid in the liver. The ordinates refer to per cent of ad- 
ministered labeled phosphorus found in the phospholipid of the whole liver. 
Each point represents the average of eight separate liver analyses. 
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Fig. 2. The effect of varying doses of betaine upon the level of newly 
formed phospholipid in the liver. The ordinates refer to the per cent of 
administered labeled phosphorus found in the phospholipid of the whole 


liver. Each point represents the average of eight separate liver analyses. 





In the second experiment (Fig. 2) the following doses of betaine 
chloride were investigated, 0, 25, 75, and 225 mg. per rat. In all, 
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thirty-two rats were used, eight animals receiving each of the 
doses listed above. The rats were carefully selected for weight, 
so that for each experiment four animals of closely agreeing weights 
received the four different doses investigated. 

At the time of betaine administration all animals received 
subcutaneously 1 cc. of an isotonic solution of labeled Na,HPO, 
containing 3 mg. of phosphorus. The livers were removed for 
analyses 8 hours thereafter. 

The magnitude of phospholipid activity varied with the dose of 
betaine. Thus 50 mg. of betaine effected an increase of 20 per 
cent above the control, whereas 200 mg. led to an increase of 53 
per cent (Fig. 1). The increase noted, however, was not directly 
proportional to the amount of betaine fed. Thus 500 mg. of 
betaine led to an increase in phospholipid activity of only about 
10 per cent above the 200 mg. dose. 

The striking point brought out by these results is that, in smaller 
doses, betaine is much less effective than choline. From Fig. 2 it 
may be noted that 25 mg. of betaine chloride did not appreciably 
stimulate phospholipid activity in the liver. It was previously 
found that a similar amount of choline produced a rise of 25 
to 45 per cent. This observation is in accord with the findings 
of other workers (4, 5), in which choline was found to have a 
greater lipotropic action than betaine. Table I shows, however, 
that with larger doses of these two substances such differences in 
activity are abolished. 

Duration of Action of Betaine—It was previously shown (1) that 
choline had a limited period of effectiveness. 6 hours after the 
ingestion of 30 mg. of choline chloride the maximum effect was 
observed, whereas its stimulating effect was no longer appreciable 
16 hours after the ingestion. A similar variability in phospholipid 
activity was also observed in the case of betaine. 64 male rats 
were fed the high fat diet for 4 days, and then thirty-two of them 
received by stomach tube 200 mg. of betaine chloride. At the 
same time each of the 64 rats was injected subcutaneously with 3 
mg. of radioactive phosphorus. Access to the high fat diet was 
permitted throughout the course of the experiment. At inter- 
vals of 4, 8, 16, and 32 hours after the administration of phosphorus 
eight betaine-treated and eight control rats were killed and their 
livers examined for labeled phospholipid activity. The results 
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obtained are shown in Fig. 3. Maximum activity was found at 
the 8 hour interval after the ingestion of 200 mg. of betaine 
chloride. It should be noted that with this large dose of betaine 
a measurable increase in phospholipid activity over that of the 
controls was still apparent 32 hours after the betaine feeding. 


The radioactive phosphorus used in this investigation was sup- 
plied by members of the Radiation Laboratory under the direc- 
tion of Professor E. O. Lawrence, to whom our thanks are due. 
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Fic. 3. Duration of action of betaine. The ordinates refer to the per 
cent of administered labeled phosphorus found as phospholipid of the 
whole liver. gg represents values obtained from rats treated with betaine 
chloride. © represents values obtained from control rats. Each point 
represents the average of eight separate liver analyses. 


Assistance was also furnished by the Works Progress Administra- 
tion (Official Project No. 665-08-3-30, Unit A6). 


SUMMARY 


The effect of betaine on phospholipid activity of the liver was 
investigated with radioactive phosphorus as indicator. 

1. Betaine, like choline, accelerates phospholipid turnover in 
the liver. 

2. In doses up to 50 mg. per rat, betaine is less effective than 
choline in stimulating phospholipid activity. 
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3. A variation in effect was observed with variation in dosage, 
4. The maximum stimulation to phospholipid activity in the 
liver was observed 8 hours after the administration of 200 mg. of 
betaine. An increese was still present at the 32 hour interval. 
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THE COMBINATION OF CYSTEINE WITH SUGARS 


By MAXWELL P. SCHUBERT 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, July 21, 1939) 


In connection with a study of the condensation of cysteine with 
aldehydes,' some work has been done on the reaction between 
cysteine and sugars. As the compounds formed may be of some 
biochemical interest, this note on their existence and a few of their 
properties is offered. 

Cysteine combines with the reducing sugars listed in Table I, 
in a mole to mole ratio with elimination of a mole of water. The 
compounds are formed in neutral solution and at room tempera- 
ture. The properties of these compounds are similar to the proper- 
ties of the thiazolidines formed by the condensation of cysteine 
with simple aldehydes. They are rather easily soluble in water, 
giving solutions that are acid to litmus. The compounds formed 
from mannose and galactose can be recrystallized from hot water. 
The rest can be precipitated from water in a crystalline condition 
by addition of alcohol. The compound formed from arabinose 
gives an insoluble crystalline zinc salt in neutral solutions. 

In a solution containing excess sodium bicarbonate none of 
these compounds gives a positive thiol test with sodium nitro- 
prusside. Under the same conditions free cysteine gives a strong 
test. Ina dilute solution of ammonium hydroxide and ammonium 
sulfate only the compounds formed from glucose and lactose give 
fair tests with nitroprusside, while the rest of the compounds 
give only very faint tests. Aqueous solutions of all of these 
compounds absorb iodine as rapidly as does free cysteine and in 
amount equivalent to the cysteine they contain. Such solutions 
which have been titrated with iodine slowly deposit hexagonal 
plates of cystine. 


‘Schubert, M. P., J. Biol. Chem., 114, 341 (1936). 
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In solution with sodium bicarbonate, in which a negative nitro- 
prusside test is given, these compounds react rapidly with sodium 
iodoacetate to give S-carboxymethylcysteine. 

Galactose shaken in glacial acetic acid with 2,4-dinitrophenyl- 
hydrazine gives a gelatinous hydrazone. The compound formed 
from galactose and cysteine when treated in the same way with 
2 ,4-dinitrophenylhydrazine undergoes no reaction at all. 

No compound of fructose and cysteine has been isolated. To 
see whether simple mercaptans would combine readily with sugars 
as they do with aldehydes, thioglycolic acid anilide and thio- 


TaBLE I 
Combination of Cysteine with Sugars 








y ; , | "5 | Reerystal- | 
Sugar combined with cysteine | N 8s decom- | lizedfrom | Yield 
| position water 
lper cent\per cent) °C. ce. per cent 
Calculated for CsHisO.NS......... | 5.5 | 12.6 | | 
RS 5.6 | 12.3 153 | 25 Hot | 65 
Nr OSS is vee 5.6 | 12.4| 133 | 18 Cold} 20 
Calculated for C,H:;O;NS......... 4.9 | 11.3 
i 5.1 | 11.5) 167 35 Hot 40 
a i i ee 4.9 |} 11.2) 171 _— 63 
Ra 4.9 | 10.8 138 _— = 58 
Calculated for CisH27O..NS........| 3.1 7.2 
BL STRUTS 6 ALU SL SSA TH lok 3.1 6.4/| 130 | 20 Cold| 18 




















benzilic acid were tried with galactose but only unchanged mer- 
captan could be recovered. 


EXPERIMENTAL 


The compounds are all prepared similarly. 20 mm each of 
cysteine hydrochloride and the sugar are shaken with 7 cc. of 
water (10 cc. in the case of lactose). In all cases except with 
lactose a clear solution results in about 15 minutes. The mixtures 
are allowed to stand at room temperature for 48 hours and then 
20 mm of pyridine are added. The mixtures stand at room tem- 
perature for 50 to 70 hours more and then 200 cc. of absolute 
alcohol are stirred in. In some cases a crystalline product results, 
while in others a gummy deposit forms. The product is dissolved 
in the number of cc. of hot or cold water indicated in the fifth 
column of Table I, the solution is filtered and chilled, and 150 ce. 
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of absolute alcohol are added. In most cases the product is now 
crystalline but in the case of lactose and xylose the process of 
solution and reprecipitation must be repeated two or three times 
more. The melting points reported in Table I are not very sig- 
nificant, as the slightest change in conditions of drying or in the 
humidity at the time of determination causes shifts in the melting 
point as high as 10°. 

Galactose 2 ,4-dinitrophenylhydrazone seems not to be reported 
in the literature. 10 mm each of galactose and 2 ,4-dinitrophenyl- 
hydrazine are shaken in 50 cc. of acetic acid for 7 hours. A new 
product separates, 40 cc. of alcohol are added, and the product 
filtered off. It is recrystallized from boiling 80 per cent alcohol, 
from which it separates on chilling as a gelatinous mass, m.p. 
171-173°. The compound of cysteine and galactose treated 
similarly is recovered unchanged. 

To show the reaction of these compounds with iodoacetate ion 
10 mm each of the galactose compound and iodoacetic acid and 30 
mm of sodium bicarbonate are allowed to stand at room temper- 
ature for about 5 hours, 3 cc. of 6 m hydrochloric acid are added, 
and the resulting crystalline product is filtered off, dissolved in 60 
ec. of boiling water, and precipitated with 60 cc. of aleohol. The 
product is S-carboxymethylcysteine. 

The acetate of the mannose-cysteine compound is prepared by 
adding 15 cc. of acetic anhydride slowly to a mixture of 10 cc. of 
pyridine and 2 gm. of the mannose-cysteine compound, the tem- 
perature being kept at about 20°. The mixture is allowed to 
stand at room temperature for 22 hours with occasional shaking. 
To the clear solution 200 cc. of petroleum ether are added, and 
the gelatinous precipitate is filtered off. It is purified by dissolving 
in 350 ec. of benzene or 30 cc. of chloroform and the product repre- 
cipitated by the addition of 2 volumes of petroleum ether. After 
this purification process is repeated, 2.2 gm. of a white flocculent 
product are obtained with a melting point of 150-152°. This 
product is insoluble in water, soluble in sodium bicarbonate solu- 
tion, and, in contrast to the non-acetylated compound, does not 
absorb iodine. These properties indicate that the carboxyl group 
is free and that the nitrogen of the thiazolidine ring is acetylated.' 
The analytical data indicate a hexaacetate. 


Cs sH,,O;NS(CO-CH;)s. Calculated. N 2.6, 56.0 
Found. * 3.0, “6.0 
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PHOTOELECTRIC MICRODETERMINATION OF CHLORIDE 
IN BIOLOGICAL FLUIDS, AND OF IODATE AND 
IODINE IN PROTEIN-FREE SOLUTIONS 


By JULIUS SENDROY, Jr. 


(From the Department of Experimental Medicine, Loyola University School 
of Medicine, and Mercy Hospital, Chicago) 


(Received for publication, July 5, 1939) 


The writer has previously described in detail (Sendroy, 1937, 
a, b, c) a system of chloride analysis based on the liberation of 
soluble iodate from silver iodate, with subsequent estimation of 
iodine. The present paper outlines an adaptation of the procedure 
to the measurements with the Evelyn (1936) photoelectric color- 
imeter. 

Reagents—The preparation of most of the reagents has already 
been described (Sendroy (1937, a) pp. 337, 338; (1937, b) p. 406). 

Reagents for Regular Technique (Procedure I])— 

Approximately 0.85 mu, 0.84 mu, and 0.085 u phosphoric acid 
solutions. These solutions must be tested, and found halide-free. 

Caprylic alcohol. 

Silver iodate, powder, C.P. This material must be tested for 
purity as previously described (Sendroy, 1939). 

Tungstic acid reagent (Folin and Wu, 1919), prepared as modified 
by Van Slyke and Hawkins (1928); must be tested for and found 
free of halides. 

5 per cent potassium iodide solution. When tested with starch, 
this solution should indicate no trace of free iodine. 

In addition to the above, when the special technique (Procedure 
II) is used, the following reagents are required. 

2 per cent (Lintner’s soluble) starch solution. This reagent must 
be prepared anew every 2 weeks. 

0.1 « (= 0.6 w) standard potassium iodate solution. Exactly 
21.402 gm. of analytical reagent grade KIO, are dissolved in water 
to make 1 liter of solution. This standard stock solution keeps 
indefinitely. 
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Standard 0.005 mu and 0.0005 u potassium iodate solutions are 
made from the 0.1 m solution by dilution with water to 20 and 200 
times the volume, respectively. 


Procedure 


It would be well for the analyst to refer to the papers (Sendroy, 
1937, a, c) in which the procedure leading up to the development 
of color from the dissolved iodate is described and discussed in 
detail. However, the specific directions given below, if correctly 
followed, should alone suffice to yield satisfactory results by this 
method, in the hands of even the inexpert. 

The general procedure is patterned after that of the visual 
colorimetric method (Sendroy, 1937, c) and is as follows: 

For chloride determination, the sample is diluted in an acid 
solution (in 0.085 m H;PQ,, or in tungstic acid when protein is 
present), at between pH 2.0 and 3.0, to a chloride concentration of 
between 12 and 3 mm per liter. To duplicate portions in 15 ce. 
Pyrex centrifuge tubes, solid AgIO; is added (10 mg. per ce. of 
solution) and after vigorous shaking for 2 minutes, the solutions 
are either centrifuged for 1 minute at a speed exceeding 3000 
R.P.M., or filtered through halide-free filter paper. 

For iodate or iodine determination of the supernatant or filtrate 
fluid after AglO,; treatment or of simple, inorganic solutions, a 
portion of the sample is treated with dilute H;PO, and KI and 
further diluted, so that there is prepared for the color reading a 
solution having concentrations of approximately 0.33 mm iodate 
(varying between 0.16 and 0.50 mm to yield between 1 and 3 
milliequivalents of free I, per liter), 0.017 m H;PQ,, and 0.5 per 
cent KI. For the yellow color reading, acid and iodide must be 
kept at these strengths. 

When the blue color is developed, the solution used for the color 
readings is 83 to 100 times more dilute in iodate (or free iodine), 80 
that the concentrations approximate 0.004 to 0.0033 mm iodate 
(this may vary between 0.0016 and 0.0050 mm), 0.00034 m H;PO,, 
and 0.01 per cent KI, with 0.02 per cent starch. For any one 
group of analyses by blue color readings, it is necessary to read 
with them the colors of two standard iodate dilutions (0.002 and 
0.004 mm), prepared at the same time, with the same water and 
reagents, under exactly the same conditions. 
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Color should be developed in no more than six tubes at a time, 
and the color readings made prompily thereafter. Of the colored 
solutions, 10 cc. portions are transferred to S-tubes (retested and 
marked for uniformity of diameter) furnished with the Evelyn 
instrument. After immersion for 3 to 5 minutes in a beaker of 
water kept at 25°, the tubes are carefully wiped clean and dry, 
and then placed in the colorimeter for the light transmission 
reading. The yellow iodine color is read with a No. 490 filter; 
for the blue color, filter No. 600 is used." 

Prior to the reading of the unknown, with the proper filter and 
an appropriate blank tube in the apparatus, the galvanometer 
deflection is adjusted to read 100 per cent transmission. Empir- 
ical calibration curves are used to correlate galvanometer readings 
(per cent light transmission) with iodate (or iodine) concentra- 
tions. 

Specific directions for various types of analyses are given below 
and are outlined for ready reference in Tables I and II. 


Procedure I. Regular Procedure for Macro- and Microanalysis, 
with Yellow Color Reading 


The colorimetric determinations are in their simplest form when 
yellow color readings are made. For routine clinical work, where 
economy of time and labor are important, Procedure I is to be 
followed. 

Determination of Chloride in Inorganic Material—Samples are 
diluted and prepared for chloride precipitation and the resultant 
iodate analyzed according to the outline in the ‘‘general procedure” 
and in Table I. (See also Sendroy (1937, a) p. 346; (1937, ¢) 
p. 426.) 

Determination of Chloride in Protein-Free Filtrates of Plasma, 
Serum, or of Whole Blood—These are prepared as previously de- 
scribed (Sendroy (1937, a) p. 353, 354; (1937, b) p. 426). 

Tungstic Acid Filtrates of Plasma or Serum—When filtrates are 
prepared solely for chloride analyses, serum samples are diluted 
10 or 11 times with tungstic acid reagent mixture as follows: 
1.0 ce. to 10 ec., 0.5 to 5.0 cc., or 0.2 + 2.0 cc. 


1 Colorimeter, filters, and S-test-tubes may be obtained from the Rubi- 
con Company, Philadelphia. The filters No. 490 and No. 600 are not 
standard equipment and must, therefore, be purchased separately. 
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The chloride is precipitated from the protein-free filtrate as 
described above in the “general procedure.” Samples of 1.0 or 
0.5 cc. of the centrifuged, supernatant fluid are removed with a 
pipette (with cotton plug inserted, if necessary (Sendroy (1937, a) 
p. 342)) and transferred to a 30 or 20 cc. flask. There are then 
added 6.0 or 4.0 cc. of 0.085 m H;PO, solution, followed by 3.0 or 
2.0 cc. of 5 per cent KI solution, respectively, after which water is 
added to volume. A blank solution is prepared in like manner, 
but with the omission of the supernatant fluid. Portions of the 
prepared solutions are transferred to S-tubes. With a No. 490 
filter and a blank tube in place in the Evelyn instrument, the 
galvanometer deflection reading is set at 100. Readings are then 
made in duplicate* of the unknown sample tubes which have been, 
in the meanwhile, kept at or brought to 25°. 

Tungstic Acid Filtrates of Whole Blood—These filtrates are 
prepared, solely for use in chloride determinations, with samples 
of 1 or 0.2 cc. of whole blood (Sendroy (1937, a) p. 354). After 
precipitation and separation of the chloride, 2.0 cc. of the super- 
natant fluid are transferred to a 20 cc. flask, followed by 2.0 cc. of 
0.085 m H;PQO,, 2.0 cc. of 5 per cent KI, and water to volume. 
Blanks are prepared and colors read at 25°, as for serum above. 

Determination of Iodate or Iodine in Inorganic Solutions—The 


2 At this point it is well to call attention to the importance of testing the 
reagents and using only pure materials (see ‘“‘Reagents’’). With such ade- 
quate control in the colorimetric analysis of clear, colorless, solutions or 
supernatant fluids, pure water would serve just as well for the blank solu- 
tion. The blanks described above, however, will insure avoidance of error 
due to traces of free iodine in the acid KI mixture. For samples with an 
initial color or permanent turbidity of their own, the blank should be 
made with the inclusion of the chromogenic sample, and the omission of 
the KI. In working with the types of material for which the method has 
been developed, we have not had occasion to analyze samples possessing 
any appreciable turbidity or color. 

* The chloride is precipitated in duplicate for each sample analyzed. 
The supernatant fluid from each precipitation is so diluted that two tubes 
containing 10 cc. portions are available for reading in the colorimeter. It 
is better to precipitate duplicates, making one iodate determination of 
each supernatant, than to precipitate one sample in order to make dupli- 
cate determinations on the same supernatant. Duplicate color readings 
of the same solution merely serve to correct for possible slight inequalities 
in the diameters of the colorimeter test-tubes, or for possible errors in the 
reading of the galvanometer scale. 
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conditions of analysis have been outlined in the “general pro- 
cedure,” and are specifically detailed in Table 1. The iodate con- 
centration of the solution in which the iodine color is measured, 
should be, originally or by dilution, between 0.2 and 0.7 mm (or 
1.2 and 4.2 milliequivalents of iodine) per liter. The blank solu- 
tion is prepared as nearly as possible like the unknown, containing 
the same salts and solutes, but with the omission of the material 
containing the iodate or iodine. The galvanometer readings for 
unknowns and the adjustments for blanks are made with the 


solutions at 25°. 


Procedure II. Special Procedure for Ultramicroanalysis, with 
Blue Color Reading 


When insufficient protein-free filtrate, or supernatant from the 
chloride precipitation with AglIQO;, is available, or when a very 
dilute iodate or iodine solution must be analyzed, it will be neces- 
sary to develop the blue starch-iodine color. Owing to a possible 
variation in the reproducibility of the blue color, however, in 
following the procedures outlined below and in Table II, it will be 
necessary to compare the colors of the unknown solutions with those of 
standard iodate solutions, prepared at the same time under exactly 
the same conditions. 

Determination of Chloride in Inorganic Material—Samples are 
analyzed in accordance with the outline given in the “general 
procedure” and in Table II. 

Determination of Chloride in Protein-Free Filtrates of Plasma, 
Serum, or of Whole Blood—Tungstic acid filtrates of plasma or serum 
are prepared and treated as described in Procedure I. The super- 
natant fluid containing the dissolved iodate is analyzed as in- 
dicated in Table IJ. When enough is available for the purpose, 
a 0.2 cc. sample of supernatant fluid is transferred in a pipette, with 
a cotton plug inserted in the tip, to a 500 cc. volumetric flask. There 
are then added 2.0 cc. of 0.085 m H;PO, solution, followed by 1.0 
ec. of 5 per cent KI solution. The wall of the flask is washed with 
about 50 ce. of water, and the contents gently stirred by rotation. 

After 30 seconds, more water is added to about 450 cc. The 
water used for this purpose, or the contents of the flask at this point, 
must be at a temperature of 25°. Then 5.0 cc. of 2 per cent starch 
solution are added slowly with continuous, gentle shaking. 


Tar.e tr - 9 


Outline of Procedure II Jor Ulttramicro- 


, with Blue Color Reading (Eve 





lyn Photoelectric Colorimeter with F ilter No. 600) 
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612 Photoelectric Microdeterminations 


After dilution to the mark with water, the color reading is made 
promptly as usual (“general procedure’’) at 25° with a No. 600 
filter in the apparatus. A blank solution is prepared in exactly 
the same way, with the omission of the 0.2 cc. of chromogenic 
sample. Temperature control of the blank solution is not necessary. 

Analyses of 0.1 and 0.02 cc. samples of supernatant fluid are 
also outlined in Table II. 

Tungstic acid filtrates of whole blood are prepared for analysis and 
treated as described in Procedure I. Of the supernatant fluid, 
0.5 cc. is taken as a sample and diluted with 1.5 cc. of 0.085 m 
H;POQ,, 1.0 cc. of 5 per cent KI, 5.0 cc. of 2 per cent starch, and 
water to 500 cc., as for serum above. Full details are given in 
Table II for this analysis, also for that of small samples. Blank 
solutions are prepared, as usual. 

Determination of Iodate or Iodine in Inorganic Solutions—The 
conditions of analysis have been outlined in the “general pro- 
cedure,’’ and are specifically detailed in Table II. 

The solubility of AgIO;, one of the criteria of purity of the solid 
reagent (Sendroy (1937, a) p. 368; (1939)), can be conveniently 
and very accurately determined by this technique. Samples of 
5 cc. of the solution saturated with AgIO; at 25° are diluted to 500 
ec. in the usual method of blue color development (Table II). 


Calibration: Correlation of Galvanometer Readings with Iodate or 
Iodine Concentrations 


For yellow color procedures, Fig. 1, plotted semilogarithmically, 
relates per cent light transmission, or galvanometer reading, to 
iodate or iodine concentration, for solutions analyzed with a No. 
490 filter* in the Evelyn instrument, as described in Procedure I. 

These calibration curves have been repeatedly verified and, in 
our experience, are thoroughly reliable and reproducible. They 
may be used directly for the analyses outlined. However, should 
the analyst wish to satisfy himself on this point, he may follow the 
procedure used to obtain the curves of Fig. 1. In accordance with 
the directions given in Procedure I and in Table I, samples of 0.005 


* The choice of this particular color filter was governed by data indicat- 
ing that yellow iodine solutions exhibit maximum absorption in the spec- 
tral region of wave-length about 480 my» (Getman, 1928; Walker, 1935; 
Pamfilov and Teis, 1936; Hock and Knauff, 1936). 
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mu KIO;, in 0.5 ce. intervals from 0.5 to 5.0 cc., are diluted with 
6.0 cc. of 0.085 m H;PO, and 3.0 cc. of 5 per cent KI to a final 
volume of 30 cc. The concentration of iodine in these solutions 
in milliequivalents per liter will be numerically the same as the 
number of cc. of 0.005 m KIO; diluted to 30 cc.“ Two blank tubes, 


{A} m= MILLIMOLS IODATE PER L. 
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Fig. 1. Calibration curves relating galvanometer, or per cent light 
transmission, readings at 25°, with (Curve A) iodate or (Curve B) iodine 
concentrations in yellow-colored samples analyzed with the use of a No. 
490 filter in the Evelyn photoelectric colorimeter. The different symbols 
indicate some of the separate experiments performed. 


with iodate omitted, are used for the blank setting. The iodate 
samples are read with the contents of the tubes at 25°.5 


5 If it be desired to measure iodate or iodine in solutions of different com- 
position from those considered in this paper, the effect of the sample on the 
development or intensity of color (and hence the calibration curves) must 
first be ascertained. By the addition of varying amounts of iodate to an 
amount of sample equal to that to be used for analysis, the above procedure 
is carried out, and new curves, which may or may not be different from 
those of Fig. 1, are plotted. 
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614 Photoelectric Microdeterminations 


For blue color procedures outlined in Procedure II, Fig. 2 shows 
calibration curves for the blue starch-iodine color determined with 
a No. 600 filter* in the Evelyn colorimeter, as described above. 

While the curves have been reproduced often and closely enough 
in our laboratory, nevertheless the writer cannot recommend their 
use in other laboratories without standardization. The known 
and unknown factors affecting the sensitivity and variation of the 
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Fic. 2. Sample calibration curves of the type relating galvanometer, 
or per cent light transmission, readings at 25°, with (Curve A) iodate or 
(Curve B) iodine concentrations in blue-colored samples analyzed with 
the use of a No. 600 filter in the Evelyn photoelectric colorimeter. 


blue color are so numerous that the following procedure is pre- 
scribed as a necessary standardization for each group of analyses 
carried out within a space of 4 to 6 hours. Two standard solution 


® The choice of this particular color filter was governed by the result of 
a very careful spectrophotometric absorption curve analysis of blue starch- 
iodine solutions, kindly carried out for us by Dr. E. 8. Guzman Barron. 
Minimum transmission was shown at wave-length 595 mu. This is in good 
agreement with the corresponding value of about 580 my found by Miiller 
and McKenna (1936), and by Simerl and Browning (1939) for (Lintner’s 
soluble) starch-iodine. 
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dilutions are prepared. They consist of (a) 2.0 ec. and (6) 4.0 ce. 
of 0.0005 m KIO;, with the addition to each of 2.0 cc. of 0.085 m 
H;PO,, 1.0 ec. of 5 per cent KI, 5 cc. of 2 per cent starch, and water 
at 25° to 500 cc. final volume (Procedure II above and Table IJ). 
The color readings of the two standard dilutions furnish two points, 
at concentrations of 2.0 and 4.0 micromoles per liter, of a calibra- 
tion straight line corresponding to Curve A, Fig. 2. The con- 
centration values of the unknown samples are obtained from the 
color readings, by interpolation on the newly established line. 
In the determination of any one group of analyses and standards, the 
procedure followed and the reagents used must be consistently the 
same. One must be especially careful to use the same lot of water for 
the dilutions, from the same container, throughout. Freshly dis- 
tilled water is undesirable, but should be kept for 24 hours before use. 
On the other hand, neither should water several weeks old be used. 
(See ‘““Experimental’’.) 


Calculations 
The general equations for the calculation of the results are 
(1) {10 =mxXdxXD=mxf 
(2) (l.) =m XdXD=m' xf 
(3) 10) = MASK Caxp 
K 
where 


[10,] = mM concentration of iodate 

[I:] = milliequivalent concentration of iodine, or 

[Cl] = mm concentration of chloride 

m = mM concentration of iodate in the final dilute solution used for 
the color reading. This value is obtained from the galvano- 
meter reading, and Curve A of Fig. 1 or a curve similar to Curve 
A of Fig. 2.7 

6 m = milliequivalent concentration of iodine in the final, dilute 
solution used for the color reading. This value is obtained from 
the galvanometer reading, and Curve B of Fig. 1 or a curve 
similar to Curve B of Fig. 2.7 


in, or derived from 
the original sample 





7 The m and m’ values from Fig. 2 are in terms of micro, not milli, units, 
and hence must be multiplied by 0.001 wherever used (m millimoles = 
m X 10° micromoles). 
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d = the dilution factor for the number of times the original sample 
solution was diluted to make the starting solution (X) for color 
development (dilution with water, or, in chloride analysis, with 
0.085 m H;PO, or protein precipitant before addition of AgIO,), 

D  -# the dilution factor for the number of times (X), the sample or 
supernatant solution, was diluted for the final color development. 

= [IO;]/[Cl] = (for chloride analysis only) the factor for the empirical 
reaction yield, expressing the ratio of the concentration of iodate 
found by analysis to the concentration of chloride originally 
present, per liter of original sample (see ‘“Experimental,’’ Send- 
roy (1937, a)). 


For convenience in calculation, the last columns in Tables I and 
II indicate how these factors are to be used. Values of the com- 
posite factors F and f as given may be applied directly to the 
concentration value of the galvanometer scale reading in Figs. 1 
and 2 to obtain concentrations in the original material analyzed.* 


Ezample—A sample of 1.0 cc. of the centrifuged supernatant fluid from 
a serum tungstic acid filtrate (1:10) treated with AgIO; was handled as 
indicated in Table I and diluted to 30 cc. Portions of 10 cc. were poured 
into two test-tubes which were immersed for 3 minutes in water at 25°; 
the yellow color readings were made with the No. 490 filter. The gal- 
vanometer readings were 29.25 and 29.50, corresponding to an iodate con- 
centration of 0.336 mm per liter (Curve A, Fig. 1). According to Equation 
3, the chloride concentration of the original serum sample was calculated 
to be (0.336 X 10 X 30)/(1.017) = 99.1 mm of Cl per liter or more simply, 
from Table I, with the appropriate F value, 0.336 X 295 = 99.1 mm of Cl 
per liter. 

Another portion of 0.2 cc. of supernatant fluid was treated as indicated 
in Table II with the water used for dilution kept at 25°. The blue color 
was developed with starch, and after dilution to final volume of 500 cc., 
two 10 ce. portions were transferred to test-tubes and read at 25°, as above, 
but with the No. 600 filter. The galvanometer readings were 21.5 and 21.0, 
corresponding to an iodate concentration of 4.07 micromoles per liter inter- 
polated on a (simultaneously determined) portion of a standardization 
curve corresponding to Curve A, Fig. 2. According to Equation 3, the 
chloride concentration of the original serum sample was calculated to be 
(4.07 X 10 & 2500)/(1000 < 1.017) = 100.0 mm of Cl per liter or more simply, 
from Table II, with the appropriate F value, 4.07 X 24.58 = 100.0 mm of 
Cl per liter. 





® When results in terms of gm. of NaCl per liter or of mg. of NaCl per 
100 cc. are desired, the values calculated above are multiplied by 0.0585 
or 5.85, respectively. 
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EXPERIMENTAL 


Factors Affecting Development of Yellow Color, and Corresponding 
Photoelectric Readings, in Simple Microprocedure 


Because the results by the techniques outlined for this group 
depend not on any standard, but on the constancy of an empirical 
curve (Fig. 1), it was necessary to know the essential factors af- 
fecting the photoelectric readings. The results of many experi- 
ments have shown that the color readings for these types of solu- 
tions are constant over a period of at least 3 hours (with tubes 
stoppered), and that they are affected slightly, by variation in 


Tase III 


Effect of Certain Factors on Photoelectric Readings of Yellow Iodine Color at 
Various Dilutions of Iodate 























Ex. Readings of solutions* 
4 Treatment 
No. A B Cc D E F G 
1 | Reading immediately 12* | 23% | 39! | 52° | 70? | 83? 
Reading 3} hrs. later | 12? | 23% | 39% | 52! | 70? | 83 
2 | H,PO, and KI as usual 7? | 11! | 17% | 20" | 50 | 70" | 83! 
H;PO, and KI half concen- | 6* | 10' | 16% | 28° | 50' | 69% | 83° 
tration 
3 | Reading at 25°, as usual 12? | 23% | 39" | 52° | 70 | 83? 
Cooling and reading at 18° | 13* | 24° | 41° | 53% | 71° | 84! 
Warming and reading at 25° | 12* | 23% | 39' | 52° | 70* | 83! 





























*Galvanometer readings are given to one-quarter of a division (23* 
= 23.75). 


concentration of the reagents and by the temperature of the sample 
at the time of reading. Typical results are given in Table III. 
The calibration curves of Fig. 1 were obtained with known 
iodate solutions, as outlined under “Calibration.’”’ Although 
Beer’s law does not seem to be obeyed in a concentration greater 
than 1 milliequivalent per liter, these curves are constant and 
reproducible, within the limits indicated by the points in Fig. 1. 
We have never experienced any difficulty, in many experiments, in 
repeating these results.? Experiments with the addition of known 


* To enable the analyst to reproduce Fig. 1 accurately on a larger scale, 
the values used in plotting it on semilogarithmic paper are as follows: 
for Curve B, at m’ = 0.25, 0.50, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, and 5.0, the gal- 
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amounts of iodate to tungstic acid filtrates of serum and of whole 
blood, to determine a possible effect on the yellow color readings, 
showed no effect exceeding the limit of experimental error. 
Chloride Analyses by Photoelectric Measurement of Yellow 
Iodine Color—The results of the analyses of several samples of 
serum and of whole blood were compared with the chloride known 


TaBLe IV 
Comparison of Photoelectric with Titrimetric Results by Silver lodate Chloride 
Method; Yellow Iodine Color Read 
Chloride found 


Materia! analyzed oe 
| Titrimetri- 








cally Photoelectrically 
mM perl. | ma perl. mtn 
0.05 mu NaCl Diluted 10 times in 0.085 m 50.0 0.0 
H;PQ,; supernatant di- | 49.4 —1.2 
halla luted 30 times for color 99.4 —0.6 
98.5 —1.5 
0.15 | 147.9 | —1.4 
147.6 | —1.6 
Human serum | Tungstic acid filtrate, 1:10; 104.5 | 107.1 | +2.5 
supernatant diluted 30 | 99.0 101.2 +2.2 
times for color 104.8 103.8 —1.0 
| 101.7 | 101.6 | —0.1 
104.0 104.1 | +0.1 
Human blood | Tungstic acid filtrate,1:25; 87.9 | 88.0 | +40.1 
supernatant diluted 10 86.1 | 86.2 +0.1 
times for color 84.8 | 86.0 +1.4 
| 81.1 81.6 +0.6 
| 82.5 | 83.3 | +1.0 
80.7 | 80.8 | +0.1 
Average there ds pecs irs deel S Rds Cad id Seay leg ONS RTA | +0.9 





to be present, or found by the writer’s titrimetric technique 
(Sendroy (1937, b) p. 411). The results of Table IV, showing an 
av hated deviation of about 1 den cent for photoelectric analyses, 





vanometer abil were 83.4, 70.1, 51.0, 38.6, 29.7, 22.9, 18.1, 11.8, and 
7.96, respectively. Curve A is likewise reproduced for corresponding 
values of m. 
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when compared with similar results by visual colorimetry (Send- 
roy (1937, c) p. 431), indicate the increased accuracy obtained by 
the improved technique. 


Factors Affecting Development of Blue Starch-Iodine Color, and 
Photoelectric Readings, in Ultramicroprocedure 


The starch-iodine complex has long been one of the most in- 
triguing, yet difficult, subjects of study in quantitative analysis. 
Indeed, new studies not only add to our knowledge of the system, 
but emphasize its complexities (Miiller and McKenna, 1936; 
Simerl and Browning, 1939). In presenting the visual technique, 
the writer stated (Sendroy (1937, c), p. 432): 


“It appears from the literature and from our own experiments that so 
many factors affect the nature of the color produced and its sensitivity, 
that only under strictly controlled conditions is the starch-iodine reaction 
applicable to colorimetric iodate analyses. Such factors may be the con- 
centrations of starch, of iodine, of KI, and of other salts, the degree of 
acidity, the presence of organic matter, and the quality of the particular 
starch suspension used. However, when the conditions of analysis are 
definitely set, and the standard and unknown prepared as alike as possible, 
little difficulty should be encountered.”’ 


Under the above conditions then, some factors, such as tempera- 
ture, may vary from day to day but must be held constant for 
any one series of determinations. 

In the development of the photoelectric technique with the 
blue color in ultramicroanalysis, the aim was to eliminate the 
necessity of standards by the use of an empirical curve like that 
obtained for the yellow color. Although it was finally found 
possible to reproduce the curves of Fig. 2 most of the time, the 
certainty that all of the possible factors were under control was 
not great enough to warrant the use of values obtained for any 
particular determination, without recourse to standard iodate 
solutions. The following experiments indicate the possible factors 
and difficulties which were encountered, and which determined 
the technique finally developed. In addition to those mentioned 
and studied for the visual colorimetric chloride technique," other 


’ The stability of the blue color was reinvestigated and the visual re- 
sults confirmed (Sendroy (1937, c) p.432). Since the photoelectric readings 
are made without delay, color stability is here ruled out as a factor of 
importance. 
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factors were investigated as they became apparent. These studies 
consisted largely of the "determination of calibration curves like 
those of Fig. 2. 

Mode of Addition of Starch for Color Development—This had 
already been carefully prescribed on the basis of previous work. 
It was further found that if the same amounts of starch were added 
as different volumes of starch suspension of different concentra- 
tions, a color difference, small but significant, was obtained. It 
may be that the state of aggregation, and hence the color, of the 
starch-iodine particles is altered by the relative concentrations of 
iodate and starch at the moment of mixing or color formation. 
For blue color uniformity at any given iodate (or iodine) concentra- 
tion, the same volume of the same concentration of starch must be 
added to the same volume of solution. If the solution volume varies, 
a proportionate volume of the starch suspension of unchanged 
concentration must be used. 

Proportionality of Color to Iodine from Iodate in Inorganic 
Solutions and Serum and Blood Filtrates—Whereas the visual 
colorimetric technique for the blue color requires corrections for 
deviations from Beer’s law, in the photoelectrically determinable 
range of blue color, wnder the conditions prescribed for our tech- 
nique, no deviation occurs. In our experiments with known iodate 
solutions of varying concentrations, Beer’s law has always been 
obeyed exactly within concentrations of 1.5 to 6 micromoles of 
iodate per liter. Thus, repeated determinations of curves like 
those of A and B in Fig. 2, have always produced straight lines. 
In any one experiment, the readings were the same, whether the 
iodate determined was in purely aqueous solution, or in serum or 
blood tungstic acid filtrate. 

Effect of Temperature on Color Reading—aAs the foregoing ex- 
periments were repeated from day to day, the charted points fell 
not always on the same straight line, but on a series of lines very 
nearly parallel to those of Fig. 2, with but slight change in slope. 
There was good reason to think that variations in temperature 
might be responsible for such an effect, since it had already been 
noted, in visual work, that the blue colors of identical solutions at 
different temperatures did not match." When a series of iodate 


11 In the visual colorimetric chloride method, temperature variations 
are of no importance as long as standard and unknown are read simul- 
taneously at the same temperature. 
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solutions was read photoelectrically at room temperature, then 
after cooling, and again after heating, the galvanometer readings 
shown in Table V, A, were obtained. Quantitatively, wnder these 
conditions, with an increase of 1° in the temperature of the solution 
analyzed, there is a 2 per cent decrease in the blue color. 

Effect of Temperature on Color Development—Although the 
temperature of the sample was brought to 25° for all photoelectric 
readings, nevertheless variations in the position of the calibration 
curve occurred. When the effect of temperature was investigated 
further, the results shown in Table V, B were obtained. Thus, 








TABLE V 
Effect of Temperature on Blue Starch-Iodine Color Reading and Color 
Development 
A. Color Reading 
RIS Se ae 1 2 3 4 5 

Readings at 28° 15! 30° 42° 50? 77? 

S - 12° 248 35? 442 72° 

" ** 39° 20 38! 523 63° 86* 





B. Color Development 





Dn nein cdnes6oeecdnedehs covkeesseesnccceibenbecssedeeiae 1 2 











Readings at 25°. Color developed at 18° 19? 46? 
“ ‘95° rT ‘é “94° 212 502 
“4 “ 25°. “ “ “ec 36° 23° 56! 





it seems that for reproducibility of color a constant temperature is 
required not only when the blue colors are read, but also when they 
are developed by the addition of starch. 

Calibration of Galvanometer Readings for Iodine or Iodate Values 
with Blue Color—Known iodate solutions were used, as outlined 
under “Calibration,”’ to obtain the curves of Fig. 2. 

Unfortunately, we cannot recommend the use of the identical 
calibration lines of Fig. 2 by other laboratories. In our own ex- 
perience, we have usually been able to reproduce them satis- 
factorily. Every now and then, however, the lines have been 
found, slightly but significantly, displaced to right or left. Usu- 
ally this has occurred with change of the distilled water used for 
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dilution. In general, constant results have almost always been 
obtained with water used about 1 or 2 days after distillation. 
Quite differently placed lines have been obtained with freshly 
distilled water or redistilled water kept in Pyrex bottles for 
several weeks before use. Apparently, the responsible factors 
here are too obscure to be adequately controlled without 
standards. 


TABLE VI 


Comparison of Photoelectric with Titrimetric Results by Silver Iodate 
Chloride Method; Blue Starch-Iodine Color Read 


Chloride found 
Material analyzed 


=—— Photoelectrically 
mM perl. | ma perl. Ad 
Human serum | Tungstic acid filtrate, 1:10; 102.9 102.7 —0.2 
supernatant diluted 2500, 100.3 99.7 | —0.6 
times for color | 98.6 | 99.5 | +0.9 
104.4 106.2 | +1.7 
Human blood | Tungstic acid filtrate,1:25; 87.3 84.7 | —3.0 
supernatant diluted 1000 84.7 82.9 —2.1 
times for color 78.9 78.9 0.0 
84.0 82.3 —2.0 
76.8 77.6 +1.0 
80.9 80.2 —0.9 
| +12 
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Since the blue color technique is reserved for special, and not 
general, use, it does not seem worth while, at the present time, to 
pursue the matter further. Accordingly, when determinations 
are made by this technique, the difficulties mentioned are over- 
come by the simultaneous determination of two points of a cali- 
bration line established for that particular day’s experiment, as 
described under ‘Calibration.” 

Chloride Analyses by Photoelectric Measurement of Blue Starch- 
Iodine Color—Samples of human serum and of whole blood were 
analyzed and the results were compared with titrimetric values 
(Sendroy (1937, b) p. 411). 
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Table V1, showing an average deviation of 1.2 per cent for 
photoelectric analyses, gives results comparable with those by 
the visual blue color technique (Sendroy (1937, c) pp. 435-437). 

Solubility of Silver Iodate in Water, at 25°—Two lots of AgIO; 
were stirred vigorously in water, for 30 minutes at 25°, and then 
analyzed as described in Procedure II and Table II. The solubili- 
ties found, in mm per liter, were as follows: Lot I (prepared 
in the laboratory by the writer) 0.203, Lot II (Merck’s) 0.212. 
The values in the literature are 0.19 (Landolt-Bérnstein-Roth, 
1912) and 0.198 (Sendroy (1937, a) p. 369), average of gasometric 
and titrimetric results. 


SUMMARY 


The writer’s colorimetric method has been adapted to the use 
of the Evelyn photoelectric colorimeter for chloride, iodale, or 
iodine in protein-free solutions. The yellow color of free iodine, 
or the blue of the complex with starch, serves as a measure of 
concentration. 

By this technique, the determination of the yellow color is as 
accurate (+1.5 per cent) as that of the blue color. The analyses 
are rapidly and easily performed, and no standards are required. 
The blue color determination requires standards, but may be used 
for ultramicroanalysis when only very small amounts of sample 
(with yields down to 10 y of iodine) are available for analysis. 
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STUDIES IN MINERAL METABOLISM WITH THE AID 
OF ARTIFICIAL RADIOACTIVE ISOTOPES* 


Ill. THE INFLUENCE OF VITAMIN D ON THE PHOSPHORUS 
METABOLISM OF RACHITIC RATS 


By WALDO E. COHN anp DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California Medical 
School, Berkeley) 


(Received for publication, July 26, 1939) 


The study of the mode of action of vitamin D in rickets has been 
approached from many different view-points and has led to varied 
conclusions. Harris and Innes (2) and Harris (3) have produced 
evidence in experiments on hypervitaminosis which shows that vita- 
min D increases the amount of calcium or phosphorus or both in the 
blood. This is accomplished, they state, by increasing the absorp- 
tion from, or decreasing the excretion into, the gut, whereupon 
increased calcification follows automatically at the proper points. 
Thus they conclude the fault in rickets is not in the bone but in the 
inorganic composition of the blood, and vitamin D may correct 
this by simply raising the blood solubility of calcium and phos- 
phorus. 

Nicolaysen (4), from diet experiments in normal and rachitic 
rats, concludes that vitamin D acts solely to improve the rate of 
absorption of calcium from the intestine, thus indirectly improving 
the absorption of phosphorus. 

Using histological examinations of bone as a criterion, Schour 
and Ham (5) and Ham and Lewis (6) decided that vitamin D in- 
creases the attraction of the blood for calcium, perhaps through 
the parathyroid gland or hormone, but that its function is not 
merely to increase the absorption of calcium. 


* Aided by a grant from the Division of Natural Sciences of the Rocke- 
feller Foundation. Technical assistance was rendered by the Works 
Progress Administration. 

Presented by title at the meeting of the American Society of Biological 
Chemists at Toronto, April, 1939 (1). 
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From their work on parathyroidectomized dogs Taylor and 
coworkers (7) conclude that vitamin D acts similarly to the para- 
thyroid hormone and therefore has no effect upon absorption. 
Taylor and Weld (8) showed that the increased calcium excreted 
in the urine in dogs with hypervitaminosis D comes from the 
skeleton. No change in the absorption from the gut could be 
demonstrated. 

On the basis of clinical studies, Albright and Sulkowitch (9) 
decided that vitamin D has two fundamental actions: to decrease 
fecal calcium and to increase urinary phosphorus. To these 
fundamental influences they trace the other effects noted in 
vitamin D therapy. The increase in urinary phosphorus was 
observed only when massive doses of vitamin D were given and it 
was not related to the increased calcium absorption. 

Laskowski (10) has shown that calciferol does not increase the 
absorption of phosphorus. 

McGowan and coworkers (11) have advanced the theory that 
the essential action of vitamin D is to set free inorganic phosphate 
from tissue phospholipids. It is assumed that the liberated phos- 
phorie acid produces an acidotic tendency which prevents the 
precipitation of calcium as calcium phosphate from the blood and 
favors the secretion of HCl in the gastric juice, with a resultant 
benefit to the absorption of calcium and phosphorus. 

The favored current hypothesis (12) seems to be that vitamin D 
acts to increase calcium absorption and the urinary phosphorus 
excretion but has no effect on either fecal phosphorus excretion or 
the absorption of phosphorus. 

No attention apparently has been paid to the possibility that 
one of the actions of vitamin D is to influence the turnover of the 
non-lipoidal organic phosphoric acid esters of bone. However, 
the results brought out in this work indicate that a speeding up of 
the organic phosphorus metabolism through the agency of vitamin 
D may be an important factor in the mineralization of bone. 


EXPERIMENTAL 


The technique developed in the study of the absorption and 
distribution of phosphorus in normal rats with the aid of radio- 
active phosphorus (13) was applied to rachitic rats in order to 
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determine the effects of vitamin D upon some of these factors and 
see whether the mode of action of vitamin D could be studied with 
the aid of radioactive phosphorus in a more satisfactory manner 
than has heretofore been possible. Shortly after the commence- 
ment of the studies reported herein, papers by Dols and Jansen 
(14), and Dols, Jansen, Sizoo, and Barendregt (15) appeared, in 
which radioactive phosphorus was used in an effort to find the 
characteristic mode of action of vitamin D in rachitic rats. How- 
ever, the authors state that they were unable to demonstrate any 
particular mode of action of the vitamin. The studies reported 
herein are concerned with the absorption, excretion, and deposition 
of a single dose of radioactive phosphorus (as sodium phosphate) 
in the bone and muscle of rachitic rats with and without the aid of 
vitamin D. 

Groups of eight to sixteen rats were weaned at the age of 21 to 
28 days (weights 43 to 58 gm.), and placed on a modified Steen- 
bock-Black rachitogenic diet! (16). After 18 to 21 days (weight 
65 to 84 gm.) each group was cut to six and divided into two uni- 
form subgroups of three each (in Experiment 13, twelve rats were 
used in four subgroups of three each). They were fasted for 3 
hours, following which the rats of one subgroup received an oral 
dose of 0.1 ml. of a 10,000 u.s.p. XI units per gm. viosterol prep- 
aration. 1 hour later every animal received an oral (stomach 
tube) or intraperitoneal dose of a solution of NagH PO, (0.25 to 1.0 
ml. containing 0.5 to 2.2 mg. of P) containing from 2000 to 5000 
“units’’? of radioactive phosphorus (1400 units = about 1 micro- 
eurie). Each rat was then placed in a separate cage over a urine- 
feces separator (17) and, an hour after the radioactive phosphorus 
administration, was given access to food. After an interval of 
64 to 80 hours (chosen from the results of previous work (13)), 
the rats were killed with chloroform and samples of muscle (from 
the hind leg) and bone (femur plus tibia) were taken. These and 
the carcass, urine, and feces were then analyzed for radioactive 
phosphorus (P**) and total phosphorus (P*). 


‘Ground whole yellow corn 74, pure gum gluten 20, CaCO, 4, NaCl 1, 
wheat germ 1 per cent; Ca:P (from analysis) = 6.8:1. 

? 1 unit represents the limit of sensitivity (background) of the Lauritzen 
electroscope used to make the radioactivity measurements. 
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628 Vitamin D and P Metabolism 


The bone samples in Experiments 9 to 12, inclusive, were ex- 
tracted thrice each with boiling alcohol and ether to remove fat. 
Following this they were ashed with 3 per cent KOH in glycerol 
at 110-120° for 48 hours to remove all other organic matter. The 
phosphorus from these two extractions is termed “‘lipoid” and 
“organic,” respectively, while that remaining in the ashed bone 
is termed “inorganic”’ in this paper. After ashing, the KOH and 
glycerol were removed with hot water and alcohol. In Experi- 
ment 13, both sets of femurs and tibias were taken. One was 
measured in the fat-free state to determine organic plus inorganic 
(“total’’) P*? and P*!, while the other was ashed, leaving only the 
inorganic phosphorus. The organic phosphorus was measured by 
difference. 

In Experiment 14, the entire skeleton (after removal of most of 
the soft tissue) was extracted with strong ammonium hydroxide 
over a period of several days to leave only the inorganic fraction 
of the skeleton. This was then measured as a whole, and the 
extract and soft tissue were ashed and measured together. 

The samples of muscle, feces, and urine, as well as the carcasses 
and fat-free bone samples, were dissolved in HNO; and then ashed 
with Mg(NOs)2 at 500° (18). An aliquot of the HCl extract of 
each ash was evaporated in a 10 ml. sillimanite ashing capsule 
and its P** content determined with a Lauritzen electroscope in 
terms of the units previously mentioned. This, after correction 
for decay and self-absorption, is expressed as per cent of the 
amount of P*? administered or actually absorbed. P*! was meas- 
ured colorimetrically by the method of Fiske and Subbarow (19) 
as modified by King (20). 

The rats used in most of these experiments probably did not 
have severe rickets at the beginning of the experimental period. 
In order to produce severe rickets it is necessary to deprive the 
mothers of vitamin D, as they will pass on to the young a large 
part of any excess. Only the mothers of the rats used in Experi- 
ments 13 and 14 were deprived of vitamin D. However, that 
active rickets was produced was demonstrated by occasional line 
and x-ray tests and by the low ash content of the bones (Table 
III). For the purpose of these experiments it is more essential 
that the animals be uniformly depleted of vitamin D than that 
they be severely rachitic. 
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RESULTS AND DISCUSSION 


The results obtained are shown in Tables I toIII. The radio- 
active phosphorus (P**) contents are expressed as per cent of the 
amount given or absorbed. Total phosphorus (P*) content is 
expressed in mg. 


Taste I 
Excretion and Net Absorption of P* (in Per Cent) by Rachitic Rats 
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jected P* in| 9-12) 12 | 0.58 0.55) 8 | 3 |0.160.16 
urine 13 3 | 0.30) 0.55) 13 3 0.950.40 
14 3 | 0.90) 0.34! | 
Absorbed P#|/1 | 3/0.16/0.16 3 | 3 |0.930.88 
per mg. P*! in| 9-12) 12 | 0.75 0.61) 8 | 3 (0.220.48 
urine 14 | 3 | 0.77) 0.36) | xt dtowg | 














The excretion and net absorption figures are shown in Table I. 
The per cent absorbed is calculated (13) from the equation 


Net absorption (per cent) = 100 — (F,; — Fip) 


where F,, = fecal P** when administration is by stomach tube and 
F,, = that when administration is by intraperitoneal injection. 
It can be seen that, although there is a large drop (30 to 50 per 
cent) in the fecal excretion of ingested phosphorus, the absorption 
is already at such a high level that the per cent increase in net 
absorption is comparatively small (10 to 15 per cent). 

The urinary excretion of the ingested radioactive phosphorus 
in the untreated rachitic rats is very low and no particular effect 
of vitamin D upon this excretion can be noted. It is of interest 
to compare this excretion, generally less than 1 per cent of the 
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absorbed P**, with that of normal rats (13) in which it amounts to 
20 to 30 per cent. 

From the data of Table I, it may be concluded that vitamin D 
acts to raise the already high absorption of phosphorus by rachitie 
rats but has no appreciable effect upon the very low level of excre- 
tion in the urine. 

The retention of radioactive phosphorus by muscle is shown in 
Table II. The ratio of P**: P*, which is more significant than the 
amount present per gm. of fresh weight, drops slightly with the 
administration of vitamin D. This might have been anticipated 
in view of the large increase in the uptake of radioactive phos- 


TABLE II 


Retention of P*® by Muscle in Rachitic Rats, in Per Cent of 
Absorbed Phosphorus 


Per gm. muscle | Per mg. P#! 
No. of cae ) CREE SS G'S yf es a 
| animals | without | With | Without | With 
| vitamin D vitamin D | vitamin D | vitamin D 


Experiment No. 


1 (Stomach tube) | 3 0.58 0.65 | 0.31 0.33 
3 (Intraperitoneally), 3 0.94 0.84 0.36 0.33 
8 ” | 3 1.06 0.96 | 0.45 | 0.40 
9-12 (Stomach tube) | 12 0.90 0.83 0.37 0.35 

13 *: > 3 1.51 0.97 0.63 0.58 

13 (Intraperitoneally)| 3 1.14 1.16 0.46 0.43 

14 (Stomach tube) 3 | 47* 44* 0.60* | 0.39" 


* All soft tissue. 


phorus by the bone produced by vitamin D administration. In 
Experiment 14, in which all soft tissues were analyzed together, 
the drop in the P**: P*‘ ratio is more pronounced. If this difference 
(between muscle and viscera) becomes firmly established, it means 
that the increase in bone phosphorus caused by vitamin D is 
largely at the expense of visceral phosphorus, which contributes 
more per unit of weight than the muscles. 

The most pronounced effect of vitamin D was found to be on 
bone phosphorus. The results are shown in Table III. Radio- 
active phosphorus in the inorganic form is increased about 50 
per cent under the influence of vitamin D, while that in the organic 
form is not changed. The increase of the inorganic P** is about 








Distribution of Absorbed Radioactive Phosphorus in Bone of Rachitic Rats, in Per Cent of Absorbed Phosphorus 
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the same whether it is calculated on the basis of total bone, per 
gm. or per unit of P® content, which simply means that all bones 
analyzed had about the same weight and per cent phosphorus 
content. 

That no correspondingly large increase in the radioactive phos- 
phorus content of the organic fraction of bone was demonstrable 
does not rule this out as an important intermediate in the deposi- 
tion of the inorganic phosphorus in bone. Table III (third sec- 
tion) shows that the ratio of P**: P* is raised, demonstrating that 
vitamin D has some effect on the rate of phosphorus uptake by the 
organic fraction. Of most significance is that it is higher than 
the ratio is in muscle, or total viscera (Table II), and is as high 
as that found in urine. This indicates that the exchange of phos- 
phorus between blood and the organic matter of bone is more rapid 
than that in muscle and precedes in time the deposition of inor- 
ganic P*? in bone. The logical conclusion is that the vitamin acts 
to aid the conversion of organic to inorganic phosphorus, and that 
the transfer of phosphorus from blood to the organic fraction of bone 
is independent of vitamin D. 

Since all the results shown in Tables I to III are expressed as per 
cent of absorbed P**, the changes in P*? content cannot be ascribed 
to increased absorption. The net absorption being nearly the 
same, regardless of vitamin D, the amounts of P** reaching the 
blood stream are about the same in both rachitic and treated 
animals. If vitamin D acted to increase the blood phosphate 
appreciably, it would lower the P*?: P* ratio in the urine by with- 
drawal of P* from tissue. Owing to the small excretion of phos- 
phorus in the urine and its variability, it is not possible at present 
to arrive at a definite conclusion on this point. However, the 
blood phosphorus and the organic phosphorus of the bone being 
in direct exchange, a lowered ratio of P**: P*! in the blood should 
be reflected by a lowered ratio in this fraction. Since the opposite 
seems to be the case, it appears that the increase of inorganic P® 
in the bone of the treated rats is due principally to utilization of 
the most recently absorbed phosphorus. This would account for 
the lowered ratio in muscle and the increased ratio in the inorganic 
bone phosphorus. 

The authors appreciate that more confirmation is necessary to 
establish the hypothesis of the mode of action of vitamin D ad- 
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vanced here. One difficulty in arriving at a definite conclusion 
seems to lie in the treatment of a dynamic process from a static 
view-point. 


Our thanks are due to Dr. Elma V. Tufts for technical aid in the 
course of these experiments and to Mr. T. Sanford of the Booth 
Company, for assistance in raising the rachitic rats. We are 
indebted to the generosity of Professor E. O. Lawrence and the 
staff of the Radiation Laboratory of the University of California 
for the radioactive phosphorus used in these experiments. 


SUMMARY 


1. The absorption of phosphate by rachitic rats is increased but 
little by vitamin D. 

2. The decrease in fecal phosphorus in these rats caused by 
vitamin D is due to both increased absorption from and decreased 
reexcretion into the gut. 

3. Urinary phosphorus excretion is so low in rachitic rats that 
no change could be demonstrated upon administration of vi- 
tamin D. 

4. Vitamin D causes a slight drop in the uptake of absorbed 
phosphorus by muscle. There is some indication of a larger drop 
in the viscera. 

5. Vitamin D raises the inorganic phosphorus uptake in the 
bone 25 to 50 per cent. 

6. Very little change in the phosphorus uptake by the organic 
fraction of bone was noted, but its rate of uptake from blood is 
more rapid than for muscle. 

7. From indirect evidence it appears that vitamin D may act to 
aid the conversion of organic to inorganic phosphorus in the bone. 

8. The increase of bone phosphorus caused by vitamin D 
appears to be principally at the expense of the most recently 
ingested phosphorus. 
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THE DETERMINATION OF GLOBULIN AND ALBUMIN 
IN BLOOD SERUM BY THE PHOTOELECTRIC 
COLORIMETER* 


By JOSEPH M. LOONEY anp ANNA I. WALSH 


(From the Memorial Foundation for Neuro-Endocrine Research and the 
Laboratories of the Worcester State Hospital, Worcester) 


(Received for publication, August 1, 1939) 


The determination of the albumin and globulin content of 
blood serum is a valuable diagnostic procedure that has not been 
utilized in many hospitals because of the difficulties inherent in 
the present methods of analysis. 

Most hospitals employ the method devised by Howe (1) or 
some modification of it. This method is time-consuming and 
cumbersome and frequently gives disturbing differences in dupli- 
cate analyses. Through the investigations of Robinson, Price, 
and Hogden (2) and Harris (3) one source of error has been shown 
to be the absorption of the albumin by the filter paper used. 
In our laboratory we have found that the use of strong peroxide 
solutions may cause losses by oxidation of the ammonium salts. 

The method of Looney and Walsh (4) for the determination of 
spinal fluid protein has been adapted to the estimation of globulin 
and albumin in 1 cc. of blood serum. The globulin is determined 
by diluting 1 ml. of blood serum to 10 ml. with 1 per cent salt 
solution, and 1 ml. of this solution is mixed with 2 ml. of 2 per 
cent gum ghatti and then 3 ml. of saturated ammonium sulfate 
are added. The solution is then thoroughly mixed by gently 
inverting the tube several times, the turbidity measured in the 
photoelectric colorimeter,' and the globulin estimated by compari- 
son with a standard curve. Vigorous shaking should be avoided 


* Presented in part before the Thirty-third annual meeting of the Ameri- 
can Society of Biological Chemists at Toronto, April, 1939. 

1 We have used the Lange photoelectric colorimeter, but any reliable 
instrument can be adapted to the method. 
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in order to prevent the formation of innumerable fine bubbles 
in the solution and a persistent froth. It is necessary to wait 
for the complete disappearance of these fine bubbles before the 
turbid solutions are read, as otherwise too high values are ob- 
tained. A standard curve, such as shown in Fig. 1, must be 
prepared by treating different dilutions of a solution of serum 
globulin of known concentration. Our serum globulin solution 
was prepared by repeatedly precipitating blood serum with am- 
monium sulfate and dialyzing the precipitate free from salts. The 
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Fig. 1. Determination of globulin in blood serum 


final solution was made up with 1 per cent salt solution and the 
nitrogen determined by the Kjeldahl method. This solution gave 
no turbidity when sulfosalicylic acid was added to the super- 
natant liquid remaining after the protein precipitated by half 
saturation with ammonium sulfate was removed. The stock solu- 
tion which we prepared was found to contain 2.45 per cent of 
globulin by the Kjeldahl method on three samples and 2.47 per 
cent when determined by the sulfosalicylic acid method on twelve 
samples. It is evident, therefore, that the turbidity produced by 
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globulin alone is the same as that produced by an equal con- 
centration of pure blood serum, and that the total protein as 
determined by the sulfosalicylic acid method is accurate regard- 
less of the amounts of albumin and globulin which are present. 

For the determination of the total protein a 1 per cent solution 
of serum is made by diluting the first serum mixture again in the 
proportion of 1:10 by the addition of 1 per cent salt solution. 
To 2 ml. of this dilution 0.5 ml. of 2 per cent gum ghatti and 2.5 
ml. of 5 per cent sulfosalicylic acid are added. The resulting 
turbid solution is read in the colorimeter and the total protein 
determined by comparison with the standard curve for spinal 
fluid protein previously described (4). The value obtained from 
this curve times 100 gives directly the per cent of total protein. 
The albumin concentration is obtained by taking the difference 
between the above values. 

If it is desired to avoid the preparation of a pure globulin solu- 
tion, this can be accomplished by a slight modification of the 
method. In this case the globulin is precipitated in a 10 per cent 
dilution of the original serum by adding an equal volume of satu- 
rated ammonium sulfate without the gum ghatti and the precipitate 
separated by centrifuging. Thesupernatant liquid is diluted again 
5 times and treated as above for total protein. For comparison 
a new standard curve must be prepared from serum containing 
the same concentration of ammonium sulfate, as this high concen- 
tration of salt alters considerably the turbidity of the resulting 
solution. 

In Table I the values obtained from a series of the same sera by 
the old and new methods are given. It will be noted that, al- 
though the values for the total protein show good agreement in 
every case, at times the distribution between albumin and globulin 
is not too close. This is seen in Case 7 for which the average 
values for the total protein give a difference of 0.08 per cent, 
while for albumin the Howe figure is 0.41 per cent higher than the 
Looney value; a similar variation occurs in Case 20, but here there 
is a reversal of the findings, the Howe globulin figure being higher. 
These variations are not surprising, since the precipitants used 
may cause a salting-out of different fractions of the globulins 
present in serum. 
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It is possible to reduce the amount of serum used to 0.2 ml. by 
diluting this amount to 2.0 ml. and taking 0.5 ml. for the second 
dilution. 

The entire procedure takes only 5 to 10 minutes as compared 
with the 4 to 5 hours required by the older method. 


SUMMARY 


A turbidimetric method for the determination of serum globulin 
and albumin with the photoelectric colorimeter is described. For 
the total protein the precipitation of a 1 per cent dilution of serum 
with sulfosalicylic acid in the presence of gum ghatti was em- 
ployed. The globulin was determined directly in a 10 per cent 
dilution by precipitation with one-half saturation of ammonium 
sulfate in the presence of the same protective colloid. The 
method is applicable to 0.2 ml. of serum and can be carried out in 
5 to 10 minutes. A comparison of the results with those of the 
Howe method is given. 
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METAL ACTIVATION OF PEPTIDASES* 
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Universily of Wisconsin, Madison) 


(Received for publication, July 24, 1939) 


It was shown in 1936 (1) that the rate of hydrolysis of leucyl- 
diglycine and leucylglycine by the leucylpeptidase of hog erepsin 
was a function of the magnesium ion concentration. Since then, 
magnesium-activated peptidases have been found in Tubifex eggs 
by Holter et al. (2), in four species of bacteria by Berger et al. (3), 
and in Clostridium histolyticum by Kocholaty et al. (4). It has 
also been reported by Tsuchiya (5) that the activation of certain 
peptidases by snake venom is due to zinc ions. 

Peptidases of certain anaerobic bacteria have been found by 
Berger et al. (3, 6) to be activated by reducing agents and by small 
concentrations of any one of a number of divalent metals. Masch- 
mann (7) also demonstrated the existence of “anaero-peptidases” 
when he showed that the hydrolysis of leucyldiglycine and leucyl- 
glycine by peptidases of certain anaerobic bacteria was activated 
by cysteine plus ferrous iron. However, the peptidases of the 
aerobe Bacillus pyocyaneus were inhibited by reducing agents or 
metals. In none of the cases was the effect of Zn ions tested. 
Other examples of peptidases activated by reducing agents have 
been reported by Mounfield (8), who found that the rate of 
hydrolysis of leucylglycine and diglycine by the peptidases of 
sprouted wheat was slightly increased by the addition of 0.01 m 
NaCN, and by Weiss ef al. (9), who found that dl-alanylglycine 
splitting at pH 5.5 by polymorphonuclear leucocytes was activated 
by cysteine. 


* Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. 

Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 
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Grassmann et al. (10) reported that the hydrolysis of leucyl- 
glycine by preparations of yeast aminopolypeptidase and yeast 
dipeptidase was activated by the addition of a heat-stable, di- 
alyzable factor found in yeast Kochsaft, intestinal mucosa, and 
inactivated dipeptidase preparations. However, the situation 
was complicated by the activating effects of electrolytes. It is 
possible that some of the activation phenomena observed were due 
to activation by metals or by reducing agents. 

In the course of a study’ of leucylpeptidases from various 
sources, it was found that manganese ions would also activate 
leucylpeptidases. This finding led to a more detailed study of 
metal activation of peptidases, the results of which are here 
presented. 


EXPERIMENTAL 
Methods 


Hog leucylpeptidase was made approximately as previously 
described (1). A dialyzed glycerol extract of hog intestinal mucosa 
was treated with an equal volume of acetone and the water-soluble 
portion of the resulting precipitate was precipitated with 2 volumes 
of alcohol. This precipitate was suspended in water and dialyzed 
against distilled water for 40 hours at 2°. The clarified solution 
was used for analysis. Other leucylpeptidases were made by 
methods to be described in succeeding papers (11).' Yeast 
enzymes were prepared by freezing and thawing several times a 
fresh sample of pressed brewers’ bottom yeast over a period of 1 
month, then autolyzing with toluene at room temperature and 
pH 6.8 for 1 to2 hours. The autolysate was clarified by filtration 
with Hyflo super-cel (a coarse grade of diatomaceous earth obtained 
from Johns-Manville). 

Peptidases were obtained from the bacteria Phytomonas tume- 
faciens, Bacillus megatherium, and Proteus vulgaris by the method 
previously described (3). 

The molds Aspergillus parasiticus, Penicillium terrestre, and 
Penicillium citrinum were grown on 100 cc. of skim milk-5 per 
cent glucose in 500 cc. flasks. After 9 days growth at 28°, the 
mold mycelium was ground and extracted with water at pH 7 


1 Berger, J., and Johnson, M. J., unpublished work. 











Co DBD ee mo tt or 


ve- 


nd 
er 
he 

















J. Berger and M. J. Johnson 643 


for 6 to 8 hours. The aqueous extract was used as a source of 
enzyme material. In the case of Penicillium terrestre, the medium 
also contained 1 per cent of “solublized”’ liver (Wilson*). 

The degree of hydrolysis of peptides was determined by the 
acetone titration method of Linderstr@ém-Lang (12). Aliquots 
(0.5 cc.) of the enzyme-substrate mixture were titrated in 97 per 
cent acetone with n/30 alcoholic HCl. a-Naphthylaminoazo- 
benzene was used as indicator. The enzyme-substrate mixtures 
were always incubated at 40°. The pH in all cases was 8.0 + 0.2. 

Substrates containing an asymmetric carbon atom were present 
in M/15 concentration, others in M/30 concentration. In the case 
of dl mixtures, per cent hydrolysis of one linkage of one component 
is always indicated. The maximum variation between duplicate 
determinations was equivalent to 2 to 4 per cent hydrolysis of the 
substrate. 


Results 


Manganese Activation of Leucylpeptidase—The data of Table I 
show manganese to be more effective than magnesium as an acti- 
vator of hog leucylpeptidase. Every substrate showed much 
greater activity in the presence of 0.001 m MnSO, than in the 
presence of 0.01 Mm MgCl. The effect of manganese concentration 
on the rate of hydrolysis of leucylglycine is shown in Table IL. 
It will be noted that the peptide is split 12 times as rapidly in the 
presence of 0.01 m MnSO, as in its absence. 

The wide-spread natural occurrence of leucylpeptidases will be 
discussed in another paper.' All leucylpeptidases thus far ob- 
tained have been found to be activated by manganese. The 
data of Table III show that leucylpeptidases from plants, animals, 
tumor tissue, and bacteria are activated to a greater extent by 
manganese than by magnesium. 

At the time the original study of leucylpeptidase was made, it 
was found that Mg was the only Group II metal which activated 
the hydrolysis. After manganese was found to be an efficient 
activator, a number of other compounds were tested for activating 
effect at concentrations of 10 m, 10-* m, and, when possible, 
10° m. The compounds tested were Al,(SO,);, As,O;, BaCle, 


* Liver residue ‘‘solublized,’’ No. 34777, obtained from The Wilson Labo- 
ratories. 
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BeCk, NaBr, CdCh, CaCh, Ces(SOx)3-(NH4)2SO0., CoC, 
Cu(C.H302)s, Naf, KI, Fe2(SOx)s, Pb(C2H;02)s, LiCl, MgCh, 
MnSO,, HgCle, NiClh, H2SeO;, AgNOs, SrCh, SnCh, UOQ2-(NOs)s, 
and ZnCl. Only MgClk and MnSO, were found to activate the 
hydrolysis. 


TABLE I 
_ Manganese Activation of Hog Leucyl peptidase 





: od Hydrolysis * 
Substrate aan | oe wr 

Control | MgCl. MnSO, 

| hrs. per cent per cen: | per cent 
dl-Alanylglycine............ aa er a FA 
dl- once eee 1 | 10 30 59 
Diglycine. . ' 6 46 52 | 62 
dl-Alanyldigly cine ; 1 7. “eS 1 
dl-Leucyldiglycine 1 16 33 61 
Triglycine Reh a adich | 12 6 2 | (68 


» 0. 20 ce. of ¢ enzyme solution was s used i in 3 ce. of reaction mixture, except 
with leucylglycine and leucyldiglycine (0.05 cc.). 


TaBLe II 
Effect of Mn Concentration on dl-Leucylglycine Hydrolysis by 
Hog Leucyl peptidase 
Per cent hydrolysis at various metal concentrations. Incubation time, 
l hour. 








Fp 21) Saree n80, | ge eee 
None we | 6 0 10-2 10-2 gC: ai uM tins0, 
7 | 9 | 2 | 44 | «8 | 8 | 34 | a0 








While it is possible that the mechanism of manganese activation 
is different from that of magnesium activation, the data of Table 
II, as well as other data at hand, show that the addition of mag- 
nesium to the manganese-activated system has little effect. That 
the metals increase activity by removal of an inhibitory substance 
seems unlikely, since leucylpeptidases from widely different sources 
and at different stages of purification all show activation. 

Aminopolypeptidase—No metal activator for hog aminopoly- 
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peptidase has yet been found. Triglycine hydrolysis by a prep- 
aration of crude hog erepsin, dialyzed 5 days at 2°, was not ac- 
celerated by 10-* m or 10-* m concentrations (solutions or sus- 
pensions) of the following compounds: chlorides of zinc, mag- 
nesium calcium, cadmium, barium, strontium, beryllium, mer- 
cury, sodium, tin, thallium, cobalt, nickel, lithium; nitrates of 
silver, cesium, cerium; sulfates of iron, aluminum, manganese; 
copper acetate, lead acetate, titanium oxide, calcium tungstate, 


Tase III 
Mg and Mn Activation of Leucylpeptidases 


The same amount of enzyme for the same incubation time was used in 
each pair (leucylglycine and leucyldiglycine) of determinations except with 
Proteus vulgaris, in which case leucylglycine was incubated 4 times as long 
as leucyldiglycine; all preparations were acetone-precipitated at least once. 
Incubation times were usually 1 hour. 


dl-Leucylglycine di-Leucyldiglycine 








hydrolysis hydrolysis 
Source errs = <= ee ‘ 
[Control | 20% | 2001 | Controt | BOL | 0.001 w 
per cent | per cent per cent | per cent | per cent per cent 
Hog intestine 10 3 | 53 | 16#/| 38 | «(CI 
—_— 28 | 50 68 | 30 | 48 | 68 
* earcinoma* 8 | 19 32 | 0 | (21 34 
Chick intestine 61. Fou 50 14 | 48 68 
Trout ‘ 30 | 36 Si. | @t a 
Malt.. 21 | 4 4 | 18 | 38 | 48 
Cabbage il 19 47 4 8 40 
Spinach 2 lO 59 23 45 48 
Proteus vulgaris 6 | 4 | 4 & 14 37 


* Flexner-Jobling rat carcinoma. 


selenious acid, vanadic acid, arsenious acid, sodium bromide, 
and uranyl nitrate. 

Metal Activation of Diglycine Hydrolysis—In the course of the 
investigation of manganese activation of leucylpeptidases, another 
very interesting activation phenomenon was encountered. Man- 
ganese ions were found to accelerate diglycine hydrolysis by crude 
extracts from a large number of sources. That the hydrolysis 
was not due to leucylpeptidase is evident from a number of con- 
siderations. Magnesium is without effect. The diglycine-split- 
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ting activity of the crude preparations largely disappeared when 
leucylpeptidase preparations were made from them, even though 
good yields of leucylpeptidase were obtained. Moreover, co- 


TasBie [IV 
Effect of Mg and Mn on Hydrolysis of Alanylglycine and Diglycine by 
Crude Extracts 
The same amount of crude enzyme extract was used in each pair (alanyl- 
glycine and diglycine) of determinations, except with chick intestine, 
in which case 7.5 times as much enzyme was used for diglycine hydrolysis as 
for alanylglycine. 





























| Time Hydrolysis 
Enzyme source Substrate Af : 
bation Control Sing mad, 
hrs. |per cent | per cent per cent 
Spinach | dl-Alanylglycine | 1 26 16 24 
Diglycine 15 40 80 |<40 
Cabbage dl-Alanylglycine | 4 42 | 37 37 
Diglycine 6 17 | 28 15 
Malt dl-Alanylglycine | 6 50 46 50 
Diglycine 6 14 27 18 
Chick intestine dl-Alanylglycine | 1 46 16 34 
Diglycine 0.75) 18 34 14 
Yeast dl-Alanylglycine | 0.5 | 72 71 64 
Diglycine 2 34 85* | 40 
Phytomonas tumefaciens | dl-Alanylglycine | 1.5 | 78 51 68 
Diglycine 2 20 | 62 | 16 
Bacillus megatheriumt dl-Alanylglycine | 17 42 72 | 2 
Diglycine 17 12 72 6 
Trout intestine dl-Alanylglycine | 1 | 28 72 54 
| Diglycine | 2 | 18 | 99 48 
Hog intestine = » fen OF ae 38 
. fie ie | 1 | 23 | 18 
Aspergillus parasilicus | " 2 18 | 14 15 
Penicillium terrestre | : | 2 6 | 6 
o citrinum ” 2 5 | 3 





* Incubation time, only 1 hour. 
t 10-* m CoCl, gave 50 per cent hydrolysis of diglycine in 17 hours. 
t CoCl, (10-* m) doubled the rate of diglycine hydrolysis by this prepara- 
tion. Alanylglycine hydrolysis was not affected. 


baltous ions were found to be even more active than manganous 
ions, while cobaltous ions have only an inhibitory effect on leu- 
cylpeptidase. Finally, metal-activated diglycine hydrolysis is 
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found in organisms that apparently possess no leucylpeptidase, 
such as Bacillus megatherium and yeast. Data on the activation 
of diglycine hydrolysis by manganese are given in Table IV. It 
will be noted that out of thirteen systems investigated, six showed 
manganese activation of diglycine hydrolysis but not of alanyl- 
glycine hydrolysis. In all of these six cases, the hydrolysis of 
neither alanylglycine nor diglycine was activated by magnesium. 
Manganese concentrations from 10~* m to 10-* m were also without 
activating effect on alanylglycine hydrolysis by yeast and malt 
enzymes. However, with the peptidase systems of Bacillus 


TaBLe V 
Effect of Metals on Diglycine Hydrolysis by Chick Erepsin 
0.3 cc. of crude chick erepsin was used in 3 cc. of reaction mixture. 
Time of incubation was 1.5 hours. 














Per cent hydrolysis at various activator concentrations 
Activator 

102 u 10°3 uw 10% mu 10% u 
SR 9 32 32 32 32 
MnS0O,.. 23 50 40 29 
te as aad wewieuiel’ 54 78 56 32 
ee eink awe s 5 10 14 
Pb(C;H,0;)s.......... 0 17 19 
Cu(C;Hs0.2)2.......... 32 32 
a 3 il 31 
ndkdonts<cdabbe 28 28 32 
CdCl... 0 4 16 ll 
SoG. 556% sear 5 20 16 
AgNO; a tS 3 9 
Photol*.... . Lseeeeeeel 18 32 33 














* Monomethyl-p-aminophenol sulfate. 


megatherium and trout intestine, alanylglycine hydrolysis was 
activated by Mn ions. In Table V, the effect of various com- 
pounds on the rapidity of diglycine hydrolysis by chick erepsin is 
shown. Of the metals tried, only manganese and cobalt activated 
the hydrolysis. . 

The effect of various concentrations of manganese and cobalt 
on diglycine hydrolysis by preparations from malt and from 
yeast is shown in Table VI. It is evident that in these cases also, 
cobalt as well as manganese is an efficient activator of diglycine 
hydrolysis. However, neither with yeast nor with malt did 
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10-* m Mn plus 10~* m Co give more activation than 10-* mM Mn 
alone. 

In Fig. 1 are shown the pH-activity curves for the hydrolysis of 
diglycine, in the presence and absence of metal activators, by crude 
yeast peptidases. pH determinations were made by means of the 
glass electrode before and after incubation. No buffer, aside from 
the substrate itself, was used. When the dipeptide diglycine is 
hydrolyzed, a considerable increase in pH occurs. As a result, the 
pH increased by about 0.4 unit during hydrolysis in those deter- 
minations in which approximately 50 per cent splitting occurred. 
The pH optimum for diglycine hydrolysis was therefore about 7.9, 


Taste VI 
Effect of Metal Concentrations on Diglycine Hydrolysis 
0.5 ec. of dialyzed concentrated malt extract was used in 3 cc. of reaction 
mixture; the incubation time was 1.5 hours. For yeast, 0.5 ec. of crude 
autolysate (1 hour) was used in 3 cc. of reaction mixture; the incubation 
time was 1 hour. 


— oan 
Per cent hydrolysis at various metal concentrations 


Source of enzyme Activator Cae < a 
10-2 u 10-3 u 10-4 u 10-5 uw 
Malt | None 9 9 ae 4 
Mn** 24 40 19 10 
Co** 30 33 19 12 
Yeast None 10 10 10 10 
Mn*+ 72 s | B 8 
|} Co a} 12 





in the presence of either Co or Mn ions. It will be noted that, 
although both cobalt and manganese greatly increase the rate of 
hydrolysis, manganese has no activating effect below pH 7, while 
cobalt was a good activator at the lowest pH value used. Cobalt, 
however, has no effect at pH values above 8.5. Results of a some- 
what similar nature were obtained by Hellerman and Stock (13) 
on the effect of cobaltous and manganous ions on the pH-activity 
curves of arginase. 

It may be concluded that in many peptidase systems the enzyme 
chiefly responsible for diglycine hydrolysis is much more active 
towards this peptide in the presence of manganese or cobalt. The 
fact that alanylglycine hydrolysis is not similarly activated might 
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be interpreted to indicate that the two dipeptides were hydrolyzed 
by different enzymes. On the other hand, it is possible that 
diglycine forms complexes with these two metals more readily than 
does alanylglycine. In certain peptidase systems, such as those 
of mammalian intestine and certain molds (Table IV), the man- 
ganese-activated dipeptidase seems to be absent. 

As Table IV shows, in crude preparations from trout intestine, 
diglycine hydrolysis is activated by magnesium, manganese, and 
cobalt. Trials with a number of metals at 10-* m concentration 
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Fic. 1. 0.15 ec. of crude yeast enzyme solution was used in 3 cc. of re- 
action mixture in all cases. The incubation time was 1 hour. Metals were 
present as 0.001 m CoCl, and 0.001 m MnSO,. 











showed that Cd**, Ba**, and Sr** gave about 50 per cent activa- 
tion (10-* m proved optimal), while Ni**, Zn**, Pb*+*+, Cut*, Hg**, 
Cl, Ca++, Al**++, Be++, Fe+**, and Li* showed no accelerating 
effect. 

Activation of Microbial Polypeptidases by Metals and Reducing 
Agents—The peptidase systems of molds, yeast, and some bacteria 
are characterized by their high content of a polypeptidase hydro- 
lyzing leucyl peptides very rapidly. These microbial polypep- 
tidases differ greatly from leucylpeptidase. They are not acti- 
vated by magnesium or manganese and they hydrolyze dipeptides 
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very slowly. Johnson and Peterson (14) reported that a purified 
aminopolypeptidase from Aspergillus parasiticus hydrolyzed 
leucyldiglycine very rapidly, leucylglycine very slowly (one- 
thirtieth as fast), and glycyl peptides not at all. It was subse- 
quently found not to be activated by Mg ions (1), but it resembled 
a yeast polypeptidase which has been isolated chemically pure in 
this laboratory (15). 



































TaBLe VII 
Zinc Activation of Microbial Polypeptidases 
Per cent hydrolysis Relative 
activities* 
a a ES 
| dl-. i- | dl- - : e 
glycine giyeine | Triglycine = 100) 
Source Eee 

ne = = - ua - ge E 

E28) 2 | 28] 2 | | oe 
18 |E"| 8 je5| 8 || 48) E 
Aspergillus parasiticus | 20 | 54 | 22 | 47 | 14 | 30 | 23) 3 
Penicillium terrestre.... 22 | 7% | 13] 1 4/14 17 | 3 
“ — citrinum | 19 | 60 | 38 | 38 | 9 | 26 | 20/| 4 
Saccharomyces cerevisiz. . | 45 | 80 | 27 | 24 | 29 | 35 | 100| 4 
Bacillus megatheriumt.......| 15 | 64 | 26 | 40 | 7 | 32 | 160| 16 


* Varying amounts of enzyme solution were incubated for different 
periods, so that even with slowly hydrolyzed peptides 20 to 70 per cent 
hydrolysis could occur. Ratios were calculated from activities in the 
presence of 10-* m ZnSO,. 

t This preparation was made by precipitating 64 cc. of crude enzyme 
extract at pH 5.7 in the presence of 0.001 m MgCl, with 64 cc. of acetone and 
5ec. of dioxane. The precipitate was centrifuged off, suspended in 20 ce. of 
H,O, and the suspension clarified by centrifugation. The clear solution 
was analyzed. 


Previous attempts (3) to demonstrate a leucylpeptidase in 
Bacillus megatherium were also unsuccessful, but the polypeptide- 
hydrolyzing specificity was again observed to resemble that of the 
yeast polypeptidase. Preliminary experiments on the yeast 
enzyme have shown that its hydrolysis of alanyldiglycine is ac- 
celerated by Zn ions and by chloride and certain other anions. 
Partially purified polypeptidases were therefore made from three 
molds by precipitation of aqueous extracts with 1 volume of ace- 
tone at pH 6 to 7, from brewers’ yeast by precipitation with 0.5 
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volume of acetone at pH 5.6, and from Bacillus megatherium. The 
preparation from yeast had the enzymatic properties of the pure 
yeast polypeptidase reported elsewhere (15), while the prepara- 
tions from mold approximated, in polypeptide-splitting properties, 
the previously reported Aspergillus parasiticus polypeptidase. 

All of the preparations were found to be activated by ZnSQ,. 
Data are given in Table VII, from which it will be seen that the 
hydrolysis of alanyldiglycine and triglycine by all five preparations 
was greatly accelerated by 10-* m ZnSO,. The hydrolysis of 


Tasie VIII 
Metal Activation of Leucyldiglycine Hydrolysis by Aspergillus parasiticus 
Amino poly peptidase 
The incubation time was 1 hour. 





Hydrolysis at various concentrations of activator 





Activator cae * iii _ 

107 u 10-7 10 w 

per cent per cent per cent 
None...... 20 20 20 
Zn8O,..... 23 48 39 
wiOks....... a 24 28" 22 
MnSQ,...... | 12 19 21 
Pb(C:H,O2). 0 15 15 
Cu(C.H,O2)>. , 20 18 
hh s | 12 
a ie oe ial 6 15 
NaCl didi tin ‘ nS 23 23 20 














* 0.005 m Ni** gave 34 per cent hydrolysis. 0.20 cc. of acetone-precipi- 
tated enzyme preparation was used in 3 cc. of reaction mixture. 


leucyldiglycine, the most rapidly split of the three tripeptides, was 
accelerated only in the case of the Aspergillus parasiticus and 
Bacillus megatherium preparations. It has been shown in un- 
reported experiments that leucyldiglycine splitting by yeast and 
Aspergillus parasiticus polypeptidases, but not the other two mold 
polypeptidases, is activated by 10 m ZnSQ,. 

In Table VIII, the effect of various metal salts on leucyldi- 
glycine hydrolysis by Aspergillus parasiticus polypeptidase is 
shown. Only Zn and Ni salts were found to activate hydrolysis. 
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0.005 m NiCl, was also found to activate hydrolysis of alanyldi- 
glycine by certain preparations of the polypeptidases of the two 
Penicillia and Bacillus megatherium. 

In Fig. 2, pH-activity curves for leucyldiglycine hydrolysis by 
mold peptidase preparations are given. In the absence of an 
activator, the pH optimum in all cases was approximately 6.5; 
in the presence of 0.001 m ZnSQ,, the pH optimum for the Asper- 
gillus peptidase was shifted to 7.1. Zinc ions caused activation 
only above pH 7. 
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Fic. 2. 0.2 ec. of acetone-precipitated enzyme preparation was used in 
3 ce. of reaction mixture for Aspergillus parasiticus and Penicillium terrestre, 
and 0.3 ec. for Penicillium citrinum. The incubation time was 1 hour in 
all cases. 


In our analyses we noticed the instability at 40° and pH 8 of the 
alanyldiglycine-splitting enzyme of Bacillus megatherium. Fur- 
ther investigation of this lability revealed the fact that the en- 
zyme activity could be greatly increased by the addition of a 
reducing agent, p-methylaminophenol sulfate. The effect of re- 
ducing agents on other microbial polypeptidases was therefore 
investigated, the results being shown in Table IX. It will be seen 
that methylaminophenol, as well as Zn ions, activated alanyldi- 
glycine, triglycine, or leucyldiglycine hydrolysis by polypeptidases 
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from Bacillus megatherium, Aspergillus parasiticus, Penicillium 
terrestre, and Penicillium citrinum. However, the polypeptidase 
from yeast was not activated by the reducing agent employed, but 
it is possible that under the proper conditions, it would be acti- 
vated. A. parasiticus, P. citrinum, P. terrestre, and B. mega- 
therium are considered to be strictly aerobic organisms; this ap- 
pears to be the first demonstration of the presence in aerobic 
microorganisms of peptidases activated by reducing agents. 

The identity of the reducing agent-activated peptidases of 


TABLE IX 
Activation of Microbial Polypeptidases by Reducing Agents 


All preparations were at least once acetone-precipitated and those from 
the Penicillia and yeast were dialyzed for 14 to 22 hours. With Bacillus 
megatherium, data on hydrolysis of alanyldiglycine and triglycine were 
obtained with an undialyzed preparation, but to demonstrate p-methyl- 
aminophenol sulfate (photol) activation of leucyldiglycine hydrolysis, the 
preparation was dialyzed 21 hours. 


Per cent hydrolysis 
Source | dl-Alanyldiglycine | dl-Leucyldi- 














glycine Triglycine 
Con- |10-* a (0,005 | Con (0.005 Con- |10-* a4 {0,005 a 
trol ZnSO. photol trol ‘photol trol | ZnSO, photol 
Bacillus megatherium 15 | 64 | 38* | 24 44 7 | 32 | 20 
Aspergillus parasiticus 20 | 50 io | 25 (65 12 | 23 | 40 
Penicillium citrinum 14 | 39 | 32t | 27 | 34 
= terrestre 30 | 66 | 49 | 62 | 58 | 
EEN e a | 74/25 | 20 | 25¢| 20 | 2 | 27 


| 





* 0.005 m thioglycolic acid gave 34 per cent hydrolysis. 
+ 0.001 m p-methylaminophenol sulfate. 


Leuconostoc mesenteroides, various species of Clostridia, Asper- 
gillus parasiticus, Penicillium terrestre, Penicillium citrinum, and 
Bacillus megatherium is very doubtful. Available data on the 
specificity of the metal activators indicate that there are at least 
several types of so called ‘“anaero-peptidases.”’ 

It seems possible, therefore, that there exists a class of peptidases 
characterized by Zn activation, which might tentatively be de- 
scribed as microbial polypeptidases. The activation behavior of 
these polypeptidases varies somewhat with the substrate hydro- 
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lyzed. In addition to Zn activation, some of the members of the 
group are activated by reducing agents, certain anions, and Ni 
ions. Neither leucylpeptidase (Table III), hog aminopolypep- 
tidase, nor the dipeptidase of Table V is activated by Zn. 


SUMMARY 


1. Leucylpeptidase preparations from many sources are acti- 
vated by manganese or magnesium ions. The manganese activa- 
tion is greater than that due to magnesium. 

2. The hydrolysis of diglycine by enzyme preparations from 
many sources is greatly accelerated by manganous and cobaltous 
salts. 

3. Certain microbial polypeptidases are activated by zinc salts 
and by reducing agents. 
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In 1929, Linderstrém-Lang and Sato (1) and Linderstrém- 
Lang (2) suggested that one enzyme in green malt and hog erepsin 
appeared to be able to hydrolyze both leucylglycine and leucyldi- 
glycine at equal rates, and in 1936, Johnson et al. (3) also showed 
that purified leucylpeptidase of hog erepsin hydrolyzed leucyl- 
glycine and leucyldiglycine at equal rates at pH 8. The hydroly- 
sis of these peptides was activated by magnesium ions, a property 
which appeared to be an outstanding characteristic of leucyl- 
peptidase. Recent work (4) has shown that Mn ions also ac- 
tivate hog leucylpeptidase. It therefore appeared desirable to 
reinvestigate the peptidases of malt and other plants, with special 
regard to their metal activation. 

By a simple purification involving only one acetone precipita- 
tion at slightly acid reaction, it has been found possible to make 
from malt, cabbage, and spinach extracts leucylpeptidase prepa- 
rations which are practically identical in specificity and metal 
activatability with purified hog leucylpeptidase. Often, how- 
ever, small amounts of dipeptidases and still smaller amounts of 
a different polypeptidase survive the acetone precipitation. The 
complete recovery of leucylglycine- and leucyldiglycine-splitting 
activity in the acetone-precipitated enzyme preparations from 
two of the three plants would suggest that in the original crude 


* Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. 

Published with the approval of the Director of the Wisconsin Agri- 
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extracts leucylpeptidase was mainly responsible for the hydrolysis 
of leucylglycine and leucyldiglycine. 

In addition to a leucylpeptidase activated by both magnesium 
and manganese ions, all three plants studied contained enzymes 
whose diglycine but not alanylglycine splitting was activated by 
Mn ions. Contrary to previous literature (5), crude malt ex- 
tracts do contain peptidases capable of hydrolyzing d-leucyl- 
glycine, although the racemic mixture is hydrolyzed approximately 
50 times as rapidly. 


EXPERIMENTAL 
Methods 


Cabbage extracts were made by grinding fresh, green leaves of 
new cabbage in a food chopper and pressing out the juice through 
cheese-cloth. This extract was then clarified by filtration with 
Hyflo super-cel' and used as the source of cabbage peptidases. 

Malt enzyme preparations were made from freshly malted 
green barley malt which was dried at room temperature and then 
finely ground. This ground malt was extracted at room tempera- 
ture for } to 4 hours at the natural pH of the suspension (usually 
pH 5.8 to 6.0), with 5 times its weight of distilled water. The 
extract was clarified by filtration with Hyflo super-cel. Ground, 
dried malt stored for 1 year at room temperature was found to 
be just as active as freshly dried malt. If fresh, moist malt 
was ground and extracted as above, only 25 per cent as much leu- 
cylpeptidase activity was obtained. 

Spinach enzymes were prepared from fresh spinach leaves in a 
manner similar to that for preparation of the cabbage extract. 
However, the clarified spinach extracts had to be dialyzed before 
analysis in order to remove substances which interfered with the 
reading of the end-point in the peptidase determination. 

The methods of enzyme determination were the same as those 
used in previous work (4). Racemic substrates were always pres- 
ent in M/15 concentration, and others in m/30 concentration. 
The pH was 8.0 + 0.2 in all cases. In the case of dl mixtures, 
per cent hydrolysis of one linkage of one component is indicated. 


1 A filter aid sold by Johns-Manville. 
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Results 


In Table I it may be seen that crude malt extract hydrolyzed 
leucyl peptides much more rapidly than alanyl or glycyl peptides, 
with the exception of alanylglycine. After precipitation with 
acetone, all of the leucyl peptide-hydrolyzing activity was re- 


























TABLE | 
_ Peptidases of Malt 
Prepesation I Pespasation 0 
Crude Acstone-precipitated| Re- 
| pone nea envi | | Hydrolysis 
Substrate | Hydrolysis ll ep 
|Time | jy. | Time ——| aymes] ineu- | _ _ 
| inew- —_ “| ineu- | Con- |0,003 m a pan | Con- /0.01 u 
bation bation) trol /MgCl |eipita-| | trol |(MgCls 
tion | | 
| ee a we ee So a re ph 
| Are. | Ene | Are | Sone | cont | cont | bre. | Pont | cont 
dl-Alanylglycine.......| 0.5 | 70 | 0.5| 48 | 48 | 53/1 | 39 | 38 
di-Leucylglycine.......| 0.5 | 52 | 0.5) 64 | 84 | 92/2.5| 26 | 56 
Diglycine............ (9.7) 4 2 | 5 | 58 | 47/6 | 32 | 20 
di-Alanyldiglycine....| 9.7 | 76 | 20 | 60 | 70 | 30/6 | 36 | 38 
di-Leucyldiglycine...../ 0.5 | 40 | 0.5) 68 | 84 | 127 | 2.5 | 22 | 58 
Triglycine.............| 9.7 | 28 | 2 16 | 16 | 22/6 10 9 














* 450 cc. of crude enzyme solution were precipitated with 1 volume of 
acetone, and the precipitate was suspended in 125 ce. of water. 0.10 ec. of 
the clarified solution was used in 3 cc. of reaction mixture for leucylglycine 
and leucyldiglycine analyses, while 1.0 ec. was used for the other four 
peptides. 

t lee. of enzyme solution (representing 0.2 gm. of dry malt) was used in 
3 ce. of reaction mixture. 

$ 20 ec. of crude enzyme solution at pH 5.8 were mixed with 20 cc. of 
acetone, and the resulting precipitate centrifuged and suspended in 15 cc. 
of distilled water, adjusted to pH 7.0, and recentrifuged. 1.0 ec. of clear 
solution was used in 3 cc. of reaction mixture. 

§ Based on activities in the absence of added metals. 


covered, but only 20 to 50 per cent of the alanyl and glycyl pep- 
tide-splitting activities. The leucyl peptides were hydrolyzed at 
equal rates, as Linderstrém-Lang and Sato (1) had found, and this 
hydrolysis was activated by Mg or Mn (Table II) ions. It has 
been shown in a previous paper (4) that, of a large number of 
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ions tested, only Mg and Mn are capable of activating malt 
leucylpeptidase. 


TaBLe II 
Metal- Activated Malt Peptidases 


EtOH-acetone Acetone-precipitated 
preparation*® Preparation IVt 
Substrate Sydeipele Time | . Hydroly sis 








} 0 = 
Con- | 0.01 m | 0,001 wm ineuba-| Con- 0.01 m | 0.001 
trol | MgSO. MnSO, tion | trol MgSO. Mn80. 





per 


per per 
hrs. cent cent cent 


| per per | 
cent | cent | cent 





dl-Alanylglycine.... | 19 | 22 | 22 3 38 38 34 
dl-Leucylglycine..... --.-| 22 36 48 | 3 | 2 36 48 
Diglycine.. Mass. 8 | 9 13 | 3i/wil °o 34 
dl- Alanyldiglycine. vietede en | 4 16; 9 | 31 | 23 | 5 
dl- 1S game ee 23 | # 4 | 28 34 | 46 
Triglycine. . ORD | 4 | 2 8 | 24 | 13 13 | 17 





* 67 ce. of acetone- precipitated Preparation II at pH 5.9 were mixed with 
67 ec. of EtOH and centrifuged after 3 minutes. The precipitate was 
suspended in 28 cc. of H,O and recentrifuged. 1.0 cc. of the resulting clear 
solution was used in 3 cc. of reaction mixture, except for leucylglycine and 
leucyldiglycine (0.5ec.). The incubation time was 14 hours. 

+ This preparation was made similarly to Preparation II in Table I, 
but it was allowed to age in the refrigerator at 2° for 10 days. 1.0 ce. of 
enzyme solution was used in 3 cc. of reaction mixture, except for leucyl- 
glycine and leucyldiglycine (0.3 cc.). 


TaB_e III 
Effect of Mg and Mn Concentration on Peptide Hydrolysis by 
Malt Leucyl peptidase 
0.20 ec. of acetone-precipitated enzyme preparation was used in 3 cc. of 
reaction mixture. The incubation time was 1 hour. 


























Per cent hydrolysis of one linkage of one component 

Substrate ated kwee ~ MgCl ie e MnSOx 
wet 0,008 a 0.01 at {0.08 at |0.05 a NaCl | o-« aa (10-* as |10-2 
Giada... 21 | 36 | 44 | 45 | 41 | 18 | 39 | 46 | 37 
di- Leucyldiglycine.. ..| 18 | 36 38 | 40 | 40 | 18 | 42 | 48 | 45 





In Table II, data obtained with two different preparations show 
that both Mg and Mn ions accelerated leucylglycine and leucyl- 
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diglycine hydrolysis, but only Mn ions accelerated diglycine, 
alanyldiglycine, and triglycine hydrolysis. These facts might be 
interpreted to indicate that two polypeptidases are present in the 
preparations, but recent work (4) has shown the possibilities of 
anomalous behavior in the metal activation of peptidases. 
The effect of Mg and Mn concentration on the rate of hydroly- 
sis of leucylglycine and leucyldiglycine by malt leucylpeptidase is 
shown in Table III. With magnesium, the amount of activation 
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Fic. 1. pH optima for hydrolysis of leucylglycine and leucyldiglycine 
(Preparation II) by an acetone-precipitated leucylpeptidase preparation 
from malt, in the presence of 0.001 m MnSO,, and of leucyldiglycine (Prep- 
aration I) by a crude malt extract (dialyzed 4 days) in the presence of 0.003 
m MgCl,. The incubation time was 1 hour at 40° in all cases. Equal 
amounts of enzyme were used in all determinations with leucylglycine and 
leucyldiglycine (Preparation II). 


increased until a concentration of 0.03 to 0.05 m was reached, 
while 0.001 ma Mn was optimal. 0.02 m NaCl did not cause ac- 
tivation, indicating that the cation of MgCl, was responsible for 
activation. 

From Fig. 1, it may be seen that in the presence of 0.001 m 
Mn an acetone-precipitated malt enzyme preparation hydrolyzed 
leucylglycine most rapidly at pH 9.1 to 9.5, and leucyldiglycine 
at pH 8.3 to 8.9. In the presence of 0.003 m MgCh, leucyldi- 
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glycine was hydrolyzed most rapidly at pH 8.8 by a dialyzed, 
crude malt extract. For pH-activity determinations in these 
and other experiments, substrates half neutralized with NaOH 
were adjusted to the desired pH by the addition of predetermined 
amounts of 1 N acetic acid or 1 N NaOH solution. Thus there was 
no buffering other than that provided by the peptides themselves 
in the neighborhood of pH 8 and by the small amount of acetate 
at the lower pH values. Linderstr@m-Lang and Sato (1) reported 
optimum rates of hydrolysis of leucylglycine and leucyldiglycine 
by malt peptidases at pH 8.6, but this was in the absence of any 
metal activator. 

When a malt enzyme hydrolysis of dl-leucylglycine at pH 8 
in the presence of 0.001 m Mn ions was allowed to incubate with 
toluene at 40° for 24 hours, it was found that a greater hydrolysis 
(136 per cent) was obtained than could be accounted for if only 
one optical isomer were split. Confirmatory experiments were 
therefore made with crude malt extract which was concentrated 
in vacuo below 30° to one-tenth its original volume and then di- 
alyzed. This procedure was repeated, so that the final enzyme 
solution was 5.5 times as concentrated as the original. d-Leucyl- 
glycine and d-leucyldiglycine obtained from Hoffmann-La Roche, 
Ine., were then incubated with this enzyme solution. The re- 
sults are shown in Table IV, which also contains hydrolysis values 
obtained with the same enzyme solution on diglycine, dl-leucyl- 
glycine, and dl-leucyldiglycine. It may be seen that d-leucyl- 
glycine was hydrolyzed to the extent of 75 per cent in 17 hours, 
or at approximately one-fiftieth the rate at which dl-leucylglycine 
was split. However, the hydrolysis of d-leucylglycine was ac- 
tivated by Mn but not Mg ions, whereas dl-leucylglycine hydroly- 
sis was activated by both Mg and Mn. Furthermore, acetone 
precipitation destroyed most or all of the d-leucylglycine activity 
without appreciably affecting the dl-leucylglycine activity. It 
is therefore likely that leucylpeptidase, which is responsible for 
most of the /-leucylglycine hydrolysis, does not split d-leucylgly- 
cine and that another peptidase, possibly an Mn-activated di- 
glycine-splitting dipeptidase, is responsible. d-Leucyldiglycine 
incubated with the concentrated crude enzyme in the presence 
and absence of 0.01 m MgSO, and 0.001 m MnSQ, gave hydrolysis 
values within the limits of experimental error, so that it is still 
uncertain whether it is hydrolyzed at all. 
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Tables V and VI present the data obtained on the distribution 
and metal activation of the peptidases in crude cabbage extracts 


TaBLe IV 
Hydrolysis of d-Leucylglycine by Malt Peptidases 
Hydrolysist 
; Time of 
Subs’ ° i. _ - 
ubstrate | incubation Control oan | ne 
neve | hire, | per cent percent | percent 
d-Leucylglycine . 17 18 18 75 
dl-Leucylglycine 1 19 39 45 
d-Leucyldiglycine 17 2 | 4 
dl-Leucyldiglycine 1 19 28 42 
Diglycine.. 1 i ee 50 





*d-Leucylglycine and d-leucyldiglycine were present in m/30 con- 
centration, pH 8. 

+ These values have been corrected for the enzyme control. With 
d-leucylglycine, d-leucyldiglycine, and diglycine, 1.0 cc. of concentrated 
enzyme solution, and with dl-leucylglycine and di-leucyldiglycine, 0.25 ee. 
of this enzyme solution were used in 3 cc. of reaction mixture. 


| 


TABLE V 
Peptidases of Cabbage (Preparation /) 
Crude enzyme* Acetone-precipitated enzymet 
— — - -| Recovery 
Substrate Time of | Hydroly- Time of Mydeclyeis precipita- 
ineuba- | 5 | incube- | SOS ti 
tion | A | tion | Control | Mec | _ 
or y hrs. our bead hrs. percent | percent | percent 
dl-Alanylglycine. 7 3% C2 2 | 4 | 10 
dl-Leucylglycine 2 44 1 14 40 91 
Diglycine.. 7 16 7 2 4 6 
dl-Alanyldiglycine...| 7 5O 1 | -2 1 4 
di-Leucyldiglycine....| 2 48 l 16 | 3 | 14 
Triglycine 7 B... Ave 2 2 | 3 





* 0.5cec. of crude enzyme extract was used in 3 ec. of reaction mixture. 

+ 20 ce. of crude extract diluted with 20 cc. of water (pH 6.26) were 
precipitated with 40 cc. of acetone and centrifuged after 1 minute. The 
precipitate was suspended in 10 cc. of distilled water (pH 7.4) and centri- 
fuged. 1.0 cc. of the resulting clear solution was used in 3 ce. of reaction 
mixture, except for leucylglycine and leucyldiglycine (0.5 ec.). 


and in acetone-precipitated solutions. Crude extracts hydro- 
lyzed leucyl peptides much more rapidly than alanyl or glycyl 
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peptides, and acetone precipitation destroyed or removed most of 
the small amount of alanyl and glycyl peptide-splitting enzymes 
originally present. It may be seen that cabbage contains a leucyl- 
peptidase which hydrolyzes leucylglycine and leucyldiglycine at 
equal rates and that this hydrolysis is activated by both Mg and 
Mn ions. In Table VI, detailed analysis of the acetone-precipi- 
tated enzyme solution was made 17 hours after the precipitation 
was carried out, and during this time the enzyme preparation 
had been kept in the refrigerator at 2°. Whereas it appears 
that only 40 per cent of the leucylglycine- and leucyldiglycine- 



































TaBLe VI 
Peptidases of Cabbage (Preparation II) 
Crude enzyme* Acetone-precipitated enzymet mt 
Substrate Time| Hydrolysis | Time ; "Hydrolysis yer mf 
| eee 
ineu- | Con- | 0.001 m| ineu-| Con- | 0.001 «| 0.01 » | tation 
bation! trol Mn bation) trol | Mn Mg 
hrs. |per cent | per cent ry ger emtigar cent) per cent per cent 
dl-Alanylglycine.. 2/32 | 30/21! 36 | 40 27 
dl-Leucylglycine 1 9 34 1 10 | 56 23 | 33 
Diglycine..... it 8 | 14] 2 4 | 24 8 | 43 
dl-Alanyldiglycine.....| 2 20 24 2 4 30 6 31 
dl-Leucyldiglycine.....| 1 12 36 1 7 54 37 
Triglycine............ 2 8 6 a 2 8 2 


























* 0.5 cc. of crude extract was used in 3 cc. of reaction mixture. 

t 125 ec. of crude extract at pH 6.35 were precipitated with 125 cc. of 
acetone and centrifuged after 5 minutes. The precipitate was suspended 
in 50 ec. of distilled water and centrifuged. 1.0 cc. of the resulting clear 
solution was used in 3 cc. of reaction mixture. 


hydrolyzing activity was recovered, analyses made on the same 
solution within 1 hour of its preparation actually showed 108 per 
cent recovery. Complete recovery of leucylpeptidase was also 
obtained in Preparation I. The instability of acetone-precipi- 
tated preparations at pH 7 and 2° has frequently been noted, but 
usually there has been a more gradual loss in activity. For ex- 
ample, after 1 week’s storage at 2°, malt leucylpeptidase Prepara- 
tion IV decreased to one-third of its original activity; with another 
preparation, one-third of the original activity remained after 
5 weeks at 2°. 
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In Fig. 2, it may be seen that cabbage leucylpeptidase in the 
presence of 0.003 m MgCl, hydrolyzes leucylglycine at a pH op- 
timum of 8.9 and leucyldiglycine most rapidly at pH 8.2 to 9.0. 

Table VII summarizes the data obtained on spinach peptidases. 
Here again the acetone-precipitated solution hydrolyzed leucyl- 
glycine and leucyldiglycine at approximately equal rates, and both 
Mg and Mn ions activated these hydrolyses. About 50 per cent 
of leucylglycine- and leucyldiglycine-hydrolyzing activity was 
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pH 
Fic. 2. pH optima for hydrolysis of leucylglycine and leucyldiglycine by 
an acetone-precipitated leucylpeptidase preparation from cabbage, in 
the presence of 0.003 m MgCl. The incubation time was 1 hour. Twice 
the amount of enzyme was used for leucylglycine as for leucyldiglycine 
determinations. 
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recovered after acetone precipitation. 0.01 m NaCl had no ac- 
tivating effect. 

The curves of Fig. 3 show that in the presence of 0.001 m 
MnSQ,, spinach leucylpeptidase hydrolyzed leucylglycine and 
leucyldiglycine most rapidly at pH values of 9.2 and 8.6, respec- 
tively. With hog leucylpeptidase (3), hydrolysis was never ob- 
tained at pH values at which only inappreciable amounts of pep- 
tide anion were present; all three plant leucylpeptidases behaved 
similarly; below pH 7 very little hydrolysis occurred. 
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After the similarity of the plant and animal leucylpeptidases 
with respect to metal activatability was demonstrated, the ques- 
tion arose as to the similarity of their specificity for the hydrolysis 
of various peptides. In Table VIII, the specificities of malt, 
cabbage, and hog leucylpeptidases are compared. In most in- 
stances, the peptides and their substituted derivatives were hy- 
drolyzed by the various preparations at practically the same rates. 
The outstanding difference was the inability of the plant enzymes 


TaBLe VII 
_ Peptidases of Spinach 
ni ae Crude exteast? Acetone precipitated ensymet 
Substrate | ro | Hydrolysis Time Hy aaa a 
‘bation Control oe Mn bation Control tec gus 





‘hen, ep oan per cent per cent ion. ‘per cent per cent per cent 


dl-Alanylglycine 1 26 24 16 3 | 38 40 | 2 
dl-Leucylglycine 1 23 | 31 | @ 2 20 56 59 
Diglycine.... St 9 5 | 3 3 1 | 22 
dl-Alanyldiglycine 1 24 16 14 3 | 5& :? = 
———e 1 24 28 28 2;|3 45 | 48 
Triglyeine. . 1 15 14 6 3 2 1 | 1 


? Crude epinach jt juice was dialyzed agninet cold running top water for 
24 hours; 1.0 cc. of enzyme solution was used in 3 cc. of reaction mixture. 

+t The above preparation was dialyzed 40 hours against distilled water 
in a refrigerator; then it was precipitated at pH 6.07, with an equal volume 
of acetone. The precipitate from 55 cc. of enzyme solution was suspended 
in 20 cc. of water and recentrifuged. 1.0 cc. of clear extract was used in 
3 ec. of reaction mixture. 

t After 15 hours incubation, diglycine hydrolysis was 40 per cent in the 
control, and 82 per cent in the presence of 0.001 m MnSQ,. 


(especially malt) to hydrolyze glycyl-di-leucylglycine as rapidly 
as did hog leucylpeptidase. Separate determinations were made 
on the hydrolysis of 0.05 m dl-leucyldiglycine and 0.05 m glycyl- 
dl-leucylglycine in the presence of 0.003 m MgCh. Hog leucyl- 
peptidase hydrolyzed these peptides at approximately equal rates, 
if the comparison was made before extensive hydrolysis occurred 
of the dl-leucylglycine set free from the glycyl-di-leucylglycine. 
Cabbage leucylpeptidase, similarly analyzed, split dl-leucyldigly- 
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cine 1.7 times as rapidly as glycyl-di-leucylglycine, whereas malt 
leucylpeptidase split dl-leucyldiglycine 4 times as fast. Alanyl- 
diglycine was split at a much slower rate by malt and cabbage 
than by hog leucylpeptidase. Leucylmethylamine was not split 
at all by malt or cabbage, whereas the hog enzyme did hydrolyze 
this decarboxylated peptide very slowly. These three differences 
were confirmed when a hog leucylpeptidase other than the one 
reported by Johnson et al. (3) was analyzed. The rapid hy- 
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Fic. 3. pH optima for hydrolysis of leucylglycine and leucyldiglycine by 
an acetone-precipitated leucylpeptidase preparation from spinach, in the 
presence of 0.001 m MnSOQ,. The incubation time was 1 hour. Equal 
amounts of enzyme were used in all determinations. 


drolysis of alanylglycine by the cabbage preparation in Table 
VIII was undoubtedly due to some contaminating dipeptidase, 
since other preparations from cabbage (Tables V and VI) have 
shown much slower hydrolysis of this peptide. Furthermore, 
the hydrolysis of alanylglycine by this preparation was inhibited 
by Mg and Mn ions. 

The possibility exists, of course, that these differences in spec- 
ificity are caused by accompanying substances that influence 
differently the action of the same enzyme on different substrates. 
However, while this factor is possibly of some influence, it seems 
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very likely that leucylpeptidases from two sources as widely dif- 
ferent as hogs and plants would exhibit some differences in spec- 
ificity. In fact, it is remarkable that leucylpeptidases from 


Taste VIII 
Specificities of Hog, Malt, and Cabbage io A 



































| Malt Cabbage 

ac HORS | teueylpeptidase | leucy] peptidase 

Substrate Per cent nailintetily of one linkage i in 
thr. | yp a | ab, | ate | ate | 1 | ate | 
dl-Leucyldiglycine........ 101 110 | 30 | 84 | 110) 27 | = 112 
dl- N-Methylleueyldiglycine . 0 66); 1 | 0 | 2; 0 | 4 8 
Glycyl-dl-leucylglycinet .. 76t' ae 206 | 8 | 40 | 88) 20 | 88, 160 
dl-Alanyldiglycine......... 10 1112; 4] 8; 22) 3 12 36 
, EE SE 0 a 12; 1] 2 | 4 1 | 2 10 
Sarcosyldiglycine.......... 0; Oo 2 | 2; 4; 6-1] O| 4 
Tetraglycine.......... eee 2 6) 0 | 1 2) 0; 3} 7 
dl-Leucylglycine......... | 40 | 100) 105 | 34 | 96 | 106) 32 | 100) 110 
dl-Leucylmethylamine 6! 10) 17) | oi @ Offs @ 
Diglycine | a] 2 13] 1] 6] 14 4] 8} 
Glycylmethylamine.. | Oo |} O-1); 0; 1 | a 2 ¢ 
dl-N-Methylleucylglycine*. 0; 4 21/ 0} 3] & O 2} 6 
dl-Alanylglycine*... | 0/18) 60 41 | 86 92 
dl-Prolylglycine* 0 5} 24) 0/| 2| : 4 | 16) 40 
dl-Prolyldiglycine*. }—-1; 4 23/| 2] 4] 8 3; 6 

dl- +i cine + 0.001 m 
MnSO,*........ _...| 99 | 113) 146 | 34 | 80 | 121) 58 | 98) 120 


~ The data on hog loucyipeptidase are those from whieh Table ‘IV of the 
paper by Johnson et al. (3) was made, with the exception of the last five 
peptides; here, a different preparation, which gave 76 per cent hydrolysis 
of dl-leucyldiglycine in 1 hour, was used. 

t The sparingly soluble glycyl-dl-leucylglycine was present in m/30 
concentration. m/300 MgCl, was present in all cases, except the last. 
The enzyme concentration was held constant. 

t A check with original data indicated that the figure published previ- 
ously (3) was in error, and should have been 76 per cent instead of 38 per 
cent. 


widely varying sources should be so similar in activation, spec- 
ificity, and pH optima. 

In a previous paper (4) it was reported that crude malt, spinach, 
and cabbage extracts contained peptidases whose hydrolysis of 
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diglycine, but not alanylglycine, was activated by Mn ions. In 
the case of malt (the others were not tested) Co** ions also 
activated diglycine hydrolysis. Mn activation of diglycine 
splitting has also been noted with acetone-precipitated prepara- 
tions from malt (Table II), from cabbage (Table VI), and from 
spinach (Table VII). 


SUMMARY 


1. The peptidase systems of three plants have been investigated 
by the study of the hydrolysis of six peptides by crude extracts 
and by purified preparations. 

2. Malt, cabbage, and spinach contain a leucylpeptidase which 
hydrolyzes the peptides leucylglycine and leucyldiglycine at approx- 
imately equal rates; this hydrolysis is activated by Mg or Mn ions. 

3. The peptidases of crude malt extracts hydrolyze d-leucyl- 
glycine but at a much slower rate than dl-leucylglycine. 

4. Malt and cabbage leucylpeptidases are very similar in 
specificity to hog leucylpeptidase; the outstanding observed dif- 
ference is their inability to hydrolyze glycyl-dl-leucylglycine and 
alanyldiglycine as rapidly as does hog leucylpeptidase. 
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Proteolytic enzymes from plant tissues have in general resisted 
purification more successfully than those of animal origin. Pro- 
teinases have been extracted from many plants, among them 
yeast (9), pineapple (27), pumpkin (27), beans,’ and wheat (4), 
but much concentration and purification are usually required 
before a preparation of even moderate activity is obtained. This 
presents difficulties similar to those encountered in obtaining 
tissue enzymes from animal material. On the other hand, the 
investigation of latex is a comparatively simple matter, for an 
initial high degree of purity is often found. For unpurified 
papaya latex the proteolytic activity on hemoglobin per unit 
of protein nitrogen is already one-fourth to one-half that of the 
crystalline pancreatic enzymes. In the papaya the latex appears 
to be a specialized enzyme-bearing material comparable in this 
sense to pancreatic or gastric juice. 

There is no apparent distinction between latex-borne and other 
plant proteinases as such, possibly because the source of the 
latter may also have been a system of latex vessels. The pro- 
teinases of beans, wheat, and pineapple, as well as ficin and 
papain, may be activated by H,S, HCN, and similar reducing 
agents, and inactivated by iodoacetic acid, hydrogen peroxide, 
and other oxidants. These enzymes are therefore all to be classed 
as papainases, as suggested by Waldschmidt-Leitz (24).2 On the 


* Food Research Division Contribution No. 443. 

1 Davis, W. B., private communication. 

* It should be noted that catheptic proteinase does not appear to meet 
this characterization (2). 
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other hand, the proteinase of the squash family may be of a dif- 
ferent type, for it is inhibited by HCN and H,S (27). 

Two plant proteinases have recently been crystallized, ficin from 
fig latex by Walti (25), and papain in this laboratory from the 
latex of the green papaya (6). In the latter case, the crystalline 
enzyme has shown proteolytic activities on hemoglobin (per unit 
of protein N) of the same order of magnitude as those of the 
crystalline pancreas enzymes. There is thus no marked distine- 
tion between the potency of proteinases elaborated by animals 
and by plants. 

Willstaitter and Grassmann (26) achieved a 2- to 3-fold in- 
crease in the specific activity of papain by alcohol precipitation 
from a solution previously incubated for 3 days with cyanide at 
40°. Kraut and Bauer (14) combined this method with various 
adsorption experiments, using aluminum hydroxides, lead phos- 
phate, etc., to obtain a total increase in activity in one case as 
high as 10-fold. In spite of the fact that direct comparisons are 
difficult to make because these workers used commercial material 
and reported the activities in terms of gelatin hydrolysis per unit 
of dry weight in contrast with the methods used in this investiga- 
tion, it is probable that the purest preparations obtained by them 
represented very fine material. The same is probably true of 
the recent work of Okumura (Maeda) (20) in which a 10- to 
20-fold increase in specific activity computed on a dry weight 
basis was obtained with commercial papain. 

The crystals of papain have been prepared from papaya latex, as 
reported previously (6), by the use of salting-out methods similar 
to those successful in the past with other proteolytic enzymes. 
This paper relates a method of crystallization improved in many 
details over that originally described, and also presents such ob- 
servations on the properties of the crystalline enzyme as the 
authors have had opportunity to make with the material so far 
obtained. 


Isolation and Crystallization 


The protein extracted from undried papaya latex by water or 
dilute cyanide solution can be fractionated by 0.4 saturation with 
ammonium sulfate or almost complete saturation with sodium 
chloride. The protein remaining in solution requires about 0.7 
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TasB_e | 
Preparation of Crystalline Papain 











thymol blue) with 2m NaCN (25 ml.) and cen- 
trifuged. Supernatant liquid made 0.4 satu- 
rated with solid ammonium sulfate (250 gm. 
per |.), cooled, and filtered on a weighed layer 


be ae milk- 
cies Frae- |Vol sae a 
Material and manipulation tion of ' 
| No, traction eceets | Total 
| | | N | x 10°3 
1 kilo wet papaya latex V7 200 
1 1. 0.04 m NaCN* and 100 gm. diatomaceous | 1 1540 17 170 
earth added to 1 kilo wet latex (180 gm. dry | | 
weight) and stirred for 1 hr.; pH should be | | 
6.5-7t (green to brom-thymol blue). After | | 
filtration residual liquid squeezed out of solid | | 
by supporting filter paper with cheese-cloth. | | 
Liquid fractions combined. Filtrate 
Filtrate 1 brought to pH 9 (slightly greenish to | 2 | 


of Hyflo filter aid. 73 gm. precipitate | | 
Precipitate 2 dissolved in 600 ml.0.02m NaCN | 3 | 420 | 16.5 | 
(resulting pH, 8-8.5) and filtered to remove | 
Hyflo. 60 gm. NaCl added to filtrate. Sus- | | | | 
pension cooled and centrifuged while cold. 
0.02 m cyanide solution, pH 6.4, added to cen- | 
trifuged precipitate to make 400 ml. and pH 
of suspension adjusted to 6.5 (yellow-green to 
brom-thymol blue) with 0.1 ~ HCl. Sus- | 


pension 
Suspension 3 cooled after standing about 30, 4 
min. at room temperature. The precipitate 
which formed was centrifuged at 5° after 
standing 18 hrs. in cold. This crystalline | 
precipitate dissolved in 300 ml. neutralized 
0.02 m cyanide at room temperature; then 10 
ml. saturated NaCl solution added slowly to 
solution. Suspension of crystals 
Recrystallizations made by repeating treat- 5 
ment of Suspension 3. Suspension of second 
crystals 


310 | 22.5| 4.5 














* If the preparation is to be made in the absence of added activator, 
1 w NaOH is used to make the alkaline pH adjustments; otherwise the 
procedure is as given. 

t Wherever pH is used in this table it refers to the apparent pH as 
given with Clark’s indicators on a spot-plate. 














672 Crystalline Papain 


saturation with ammonium sulfate before it is completely precip- 
itated. After this the solution still gives a strong nitroprusside 
test for sulfhydryl and contains a natural activator of papain that 
is not precipitated by complete saturation with ammonium 
sulfate. Crystals of papain have been prepared only from the 
protein fraction obtained in the first precipitate. This protein 
was found to differ from the original mixture in that it now 
precipitated from very dilute salt solutions at low temperatures. 
Such precipitates are usually partly crystalline. At 5° and pH 
6 the crystals are almost completely salted-out by 2 per cent NaCl. 
The crystalline protein resembles the prolamins to the extent that 
it is soluble in 70 per cent ethyl or methyl alcohol. The protein 
can be salted-out of such solutions with lithium sulfate and sub- 
sequently recrystallized from water without appreciable loss of 
activity. 

The details of a satisfactory procedure for obtaining crystals of 
papain are given in Table I. 


Properties of Crystals 


Activity of Papain Preparations—Table II shows the specific 
activity observed with preparations made according to the 
schedule in Table I, and also with preparations made by deviating 
from this method. The differences are discussed in later para- 
graphs. The enzymic activity was estimated by the milk-clot- 
ting technique and by the rate of hemoglobin digestion and 
hippurylamide splitting. The methods and units are described 
at the end of the paper. The technical assistance of Mr. 8. 
Schwimmer is acknowledged with thanks. 

Effect of Oxidation during Preparation—The inactivating effect 
of oxidation was at first avoided by working in the cold room. At 
room temperature, however, crystals were obtained indistinguish- 
able in form from those prepared in the cold, but with varying 
and lower activity. On repeated crystallization the activity 
became lower still. This inactivation was not the usual reversible 
type, for the assays were uniformly made in the presence of an 
activator, either cyanide or cysteine. Crystals of high activity 
were obtained if activators (cyanide, sulfide, or cysteine) were 
present throughout the preparation, or if the air was excluded 
by nitrogen. 
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After several crystallizations under these conditions the en- 
zyme was found to be relatively stable toward oxygen; its original 
instability appears therefore to be due to an impurity. Table III 
illustrates the lability of papain to oxygen and shows that a 





























TaBLe II 
Activity of Papain Preparations 
Specific | 2 
| activity® we 
—— .| 32 
1a. 
Method of preparation 4 - - se 
az | ge | ®2, 
Bk ee HE 
P42) 4h 
1. Final cyanide method 1 21 | 0.17) 120 
1 19 
2 25 
3 27 | 0.21 | 120 
4 27 | 0.2 135 
8 | 25 .21 | 120 
2,a. Method 1 (oxidation occurs due to small 1 15 | 0.11] 135 
size of preparations) 5 12 .09 | 135 
2,b. Same as (2,a), but recrystallizations were 5 14 | 0.12] 115 
in presence of cysteine 
3. Hexagonal crystals formed from (2,a) above 4 | 12 | 0.1 120 
4. Same as (2,a) but N.2 gas present | 3 | 22 
5. Alkali method (see foot-note, Table I) 3 | 22 
6. Same as (2,2) but a large preparation re- | 3 | 22 
duced extent of oxidation 
Commercial preparation | 9 | 0.033) 275 
Freshly prepared water extract of latex | | 16 | 0.064) 250 
High salt fraction | | 14 | 0.06 | 230 





*One sample of four times crystallized papain gave 3.2 xX 10~ 
[Pa. — p.n compared to 1.7 X 10~ for a commercial sample and 0.13 


[Pa. u. “+. wn The formol titration method with 5 per cent Hammarsten 
casein solution, pH 7.3, was used to obtain the latter figure. 


carrier such as cysteine accentuates the lability. It is quite 
possible that this loss of specific activity without loss of crystal 
form is due in part to contaminating heavy metals. This is sup- 
ported by the fact that the rate of loss is smaller for the purer 
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preparations and by the literature reports concerning the cata- 
lytic effect of metals with regard to activation (21) and inactiva- 
tion (15). 

It is apparent from Table II that the crystals varied in activity 
with the methods of preparation. The highest activity attained, 
however, appears to represent a maximum value per unit of pro- 
tein nitrogen which is constant for preparations made in several 
ways. 

There are grounds for assuming that the maximum activity 
represents that of the original enzyme. It is difficult to see how 
oxidation could occur in crude wet latex which contains a large 


TaB_e III 


Loss of Activity of Crystalline Papain at 30° As Influenced by Oxygen Gas 
and Sulfhydryl 




















a | ries | re ele is 
Material added mae be Le 
| | +CN | Ohrs. | 18 hrs. | 
| or 
6.0 | Air | 0 0 | 1.20} 1.08| 10 
6.0 | Ns | 0 0 |1.20/1.15| 4 
Trace of cysteine 6.6 | Air 0 | 0 1.15 | 0.92 | 20 
lt > ea 6.6 | Na ae tae > 1.15 | 1.08 | 6 
Cyanide Air | 0 0 | 1.14) 1.14) 0 
” + cysteine | af + | 1.07 | 1.10 —3 











* The reproducibility is +0.05. The activities were determined by 
the cyanide method of activation, so that the loss in activity measured 
is irreversible. 


quantity of reducing sulfhydryl compounds. Furthermore, many 
samples of latex collected from trees of different varieties and at 
different seasons of the year all gave crystals with the same activity 
when these were prepared by the cyanide method. The same 
was found to be true of latex that was stirred into a paste with 
solid ammonium sulfate at the moment of collection. 

Crystal Forms of Papain—The crystals obtained by the method 
described here are thin needles (Fig. 1). In undiluted suspensions 
they have a mat-like appearance similar to that of pepsinogen (12). 
They are too thin to permit a satisfactory test for birefringence or 
other crystallographic studies with our apparatus. The suspen- 
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sions appear to be quite homogeneous under the microscope and 
vareful inspection has failed to show any amorphous material. 

The variation in the specific activity of the crystals has been 
mentioned. No differences in crystal form could be observed in 
these cases. When prepared by the cyanide method and freed 
from cyanide by recrystallization, the maximum activity (or nearly 
this)* was obtained without the addition of any activator. Other 
preparations could be brought to the maximum activity only by 
the use of cyanide or cysteine; still others were inactive and could 
not be activated to the full extent. Crystals showing less than 
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Fic. 1. Crystalline papain, needle form. X 400. 
Fig. 2. Crystalline papain, plate form. X 100. 


half the maximum activity in the presence of cyanide have been 
obtained frequently; these have been recrystallized several times 
from cyanide without further loss or gain in activity. It appears 
as though oxidation produces first an inactive but activatable form 
of the protein and later an unactivatable form, without material 
change in the appearance of the crystals. No apparent differences 
in the chemical behavior of the protein have been observed, and no 


* It is difficult to be sure of the activity of the crystals in the absence of 
added activator, because some inactivation of the enzyme is almost certain 
to occur in the assay process. The crystals without added activator are 
at least partially active in the milk-clotting test. See Table IX. 
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significant change of molecular weight has been found between two 
crystalline preparations having different degrees of activity (see 
Table V). 

Table LV shows that crystals of inferior milk-clotting ability are 
at least not easily separated by fractional crystallization into por- 
tions of higher and lower activity. 

Needle-like crystals prepared without protection from oxygen 
were seen to change on several occasions to another crystal form 
of about the same proteolytic activity (Table Il, hexagonal crys- 
tals). The new crystals appeared in suspensions of needles after 
several months standing at 8°. No deliberate attempt to induce 
their rapid formation by seeding or otherwise has yet been suc- 
cessful. They are large plates with an elongated hexagonal face, 
as shown in Fig. 2. The rate of solution of these large crystals 


Tasie IV 
Fractional Recrystallization of Low Activity Papain Crystallized Six Times 
Per cent total > M. 
Description protein N [I a os. PN 

Unfractionated 100 11.8 
Fraction 1 23 ll 12 

~ 2 66 11.5 
Remainder 11 ll 13 


in water was much slower than that of the needles, so they were 
readily washed free from contamination. 

The ratio of milk clotting to hemoglobin activity compares 
with that of all needle crystals but is in contrast with that of 
commercial papain and fresh latex. Needle crystals have been 
obtained from the hexagonal plates by dissolving them in water 
and reprecipitating with salt in the usual manner. Since each 
crystal form has been obtained from the other, there seems to be 
no reason at the moment to question the identity of the substance. 

Ratio of Milk-Clotting Activity to Hemoglobin-Digesting Activity 
Examination of Table II shows that in the presence of added 
activator, usually cyanide, the ratio of milk-clotting activity to 
that of hemoglobin digestion is reasonably constant for the crys- 
talline preparations. The irreversible oxidative inactivation de- 
creased both properties to the same extent, which makes it prob- 
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able that these properties are related. On the other hand, the 
ability to clot milk compared with the ability to digest hemoglobin 
for both fresh latex extracts and commercial papain was more 
than twice as great as for crystalline papain. The fraction of 
protein not precipitated from the original extract by 0.4 or 0.5 
saturation with ammonium sulfate (but precipitated by 0.7 
saturation) was likewise found to show a larger ratio of milk 
clotting to hemoglobin digestion. From these observations it 
appears probable that papaya latex contains another enzyme with 
a higher ratio of milk-clotting to hemoglobin-digesting activity. 
Compare the recent work of Frankel ef al. (8). 

Molecular Weight and Diffusion Coefficient- The molecular 
weight was found to be 27,000 + 2000, as determined by the 
osmotic pressure method of Northrop and Kunitz (18), with 
cellophane tubing and a water manometer. The small solubility 
of papain in even dilute salt solutions below 12° prevents the 
accurate measurement of the osmotic pressure in salt concen- 
trations greater than 0.1 m. However, Table V shows that the 
Donnan effect is probably negligible, since otherwise the molec- 
ular weight should vary with the concentration of both salt and 
protein. 

The diffusion coefficient was determined by the membrane 
method of Northrop and Anson (17, 3). Although Table VI 
shows that the diffusion coefficient falls with time, the decrease 
is practically the same whether determined by protein nitrogen 
or by activity. The enzyme activity, therefore, appears to be 
identical with the diffusing protein. 

The data of Table VI can hardly be used to calculate the mo- 
lecular weight. The most reasonable value of the diffusion coeffi- 
cient, 0.060 em.~? per day at 10°, leads to a value higher than that 
obtained by the osmotic pressure measurements. However, it is 
to be noted that the limits of the molecular weight as calculated 
from the coefficients reported are 24,200 and 55,700. 

The sedimentation in a quantity type ultracentrifuge was com- 
pared with that of crystalline lactoglobulin. Estimation of the 
molecular weight of crystalline papain from comparative sedimen- 
tation factors obtained by the method of Hughes, Pickels, and 
Horsfall (13) gave a result of 33,000, as shown by Table VII. 
This is slightly higher than the most probable value derived from 
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osmotic pressure measurements, but is nevertheless in substantial 
agreement therewith. The authors thank Dr. L. F. Martin 
for his help with the centrifuge. 


TABLE V 
Molecular Weight of Papain (pH 6.4) by Osmotic Pressure (10°) 


Sample No. [Pa. SY PN oy and Goeoee Ionic strength Mol. wt. 
C 13.5 0.306 0.09 27 ,000 
- 13.5 0.328 0.09 27 , 500 
3 25 0.74 0.04 25, 500 
4 28 0.59 0.04 27 , 400 
At 18° 24 0.177 0.15-0.2 31,000 Ca. 


Average 27 ,000 + 2000 


TABLE VI 
Diffusion Experiment 

Solvent, 0.02 m NaCN, 0.02 m NaCl, pH 6.4. The original solution 
contained 0.79 mg. of protein N and 0.185 hemoglobin papain units per 
ml. Viscosity of solvent at 8°, 0.014 erg sec. em. 

The molecular radius corresponding to D = 0.060 is 2.26 K 10 em. 
The molecular volume, cm. per mole, is 29,400. The molecular weight 
is 38,200. 


. 
‘ 


Z. 
Amount diffused a Diffusion coefficient by 
=o 
Time interval =E 
Protein N [Pa. u.]H> é Protein N Activity 
hrs. mg. per l. units per l. em.~* per day 
0 0.23 
21 7.3 1.65 0.22 0.070 0.068 
4t 12.9 2.9 0.22 0.060 0.058 
24 "ha 1.45 0.21* 0 .060* 0.053 
Final inside 0.23 


* This figure is estimated from the color given by the diffusate with 
the phenol reagent. 


Furthermore, a less accurate but entirely different method of 
estimating the molecular weight also gave comparable results. 
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When amounts of iodoacetate too small to inactivate the enzyme 
completely were added to the active protein at pH 7.0, it followed 
on the assumption of an equimolecular combination between 
jodoacetate and papain that the molecular weight of the latter 
was about 36,000. Such an assumption makes no allowance for a 
possible equilibrium between active papain and iodoacetate, or 
for the attack of iodoacetate upon groups in the protein unessential 


Tasie VII 
Sedimentation of Papain and Lactoglobulin Centrifuged Simultaneously 


The centrifuge was run for 2.75 hours at an average field of 64,000 times 
gravity. The phenol color values were determined by the technique of 
Anson (1) w ith nu standard curve to convert the readings to protein. 


Lactoglobulin 





Papain | 





nals Phenationer i ee , | Phenol color 
Protein N | man stg | Activity | Protein N — 


Level No. eo ee ee ee ee oe 
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With 39,000 for the mole weight of lactoglobulin, the molecules 
weight of crystalline papain from these data is 33,000. 


to its activity, and to this extent is probably in error. Neverthe- 
less, the results appear to permit the conclusion that no gross 
errors are involved in the other molecular weight determinations. 

Isoelectric Point of Papain—Ringer (22) in a cataphoresis ex- 
periment with commercial papain found that the active constit- 
uent migrated toward the cathode, and indicated an isoelectric 
point greater than pH 8. The observation was confirmed in this 
laboratory on crude papain; the experiment was also extended to 
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show that the protein nitrogen and the active constituent, as 
determined by the casein formol method, by the hippurylamide 
method, and by milk clotting, migrated to about the same extent 
and indicated an isoelectric point above 8.5. The same material 
gave a maximum turbidity in the region of pH 9 to 9.5. The 
observation of Willstatter and Grassmann (26) that papain 
differs from most other enzymes in being only slightly adsorbed 
by alumina in acid solution, better in neutral, and best in alkaline 
solution also points to the basic nature of papain. The solu- 
bility-pH function of the crystalline material is quite similar to 
that just described, a fact that has been taken advantage of in the 
method of purification. 

Analytical Results—The nitrogen values reported in Table VIII 
were determined on a sample prepared by dialysis for 24 hours 
against running distilled water at 1°, thereafter precipitated and 
washed with acetone, and later with ether, and finally dried 
in vacuo at 50°. The protein nitrogen content of the various 
preparations has been multiplied by the conversion factor 6.5 
to obtain the protein content. Amino nitrogen determinable by 
the method of Van Slyke (with a Warburg apparatus) amounted 
to 2.4 per cent of the total nitrogen of the undried crystals, ir- 
respective of whether these were active, reversibly inactive, or 
irreversibly inactive. Assuming a molecular weight of 30,000 
for papain, there are apparently eight such NH: groups per mole- 
cule, and the reversible inactivation of the enzyme is not con- 
nected with their disappearance. This conclusion also follows 
from the behavior of the active protein with small amounts of 
iodoacetate, which at pH 7 inactivate equivalent amounts of 
enzyme without altering the amino nitrogen so determined. 

There is no phosphorus in the crystalline material. 

It is seen that the cystine and nitrogen contents of the crystalline 
and non-crystalline protein fractions of the latex are nearly alike. 
The difference between the cystine content of the crystals of high 
and of low activity (Samples 1 and 2) is not significant, but the 
cystine content of the high salt fraction appears to be definitely 
lower. The authors feel that no correlation between the activity 
and the cystine content is justifiable on the basis of these figures 
on account of the large probable error of the analyses. 

The nature of the essential, reversibly activatable group in 
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papain has been the subject of much research. It is commonly 
thought to be a sulfhydryl group, as suggested by Bersin (7) and 
Hellermann (11). Okumura (Maeda), however, considers it to 
be an aldehyde group (20). We have not as yet reached any 
definite conclusions on this point with respect to the crystalline 
material. 

The active enzyme protein gave no demonstrable test for 
—SH with nitroprusside, even in the presence of weakly alkaline 

















Taste VIII 
Analytical Data on Crystalline Papain 
| & 
pi, 
Geestotte. IP . | Pet | Percent S,| PercentS, | Percent | of 
ple No. er cent N* | cent total eyutine eystinet ae 
| s 
£, 
1. Four times | 15.5 + 0.1) 0.0 | 1.24 0.1) 0.94 + 0.04/3.7 + 0.15, 24 
crystal- 
lized 
2. Four times | 15.5 + 0.1 0.86 + 0.04 3.44 0.15) 13 
crystal- 
lized 
3. High salt 15.5 + 0.11 0.76 + 0.03}3.0+0.1)| 6.4 

















fraction 





* The same value for the per cent N was obtained whether prepared by 
precipitation with acetone or trichloroacetic acid. This sample for cystine 
determination was dried by precipitating with trichloroacetic acid and 
washing with water. 

t We thank Mr. Sam R. Hoover of this laboratory for making the cystine 
determinations for us. He used the method of Dr. Sullivan (23). 


cyanide (pH 9). A similar test with an amount of cysteine repre- 
senting one —SH group in the quantity of protein used gave a 
distinctly positive test, alone or mixed with the protein. On the 
other hand, denaturation of the enzyme with strong alkali or heat 
permitted the development of a definitely positive nitroprusside 
test. 

An attempt was also made to determine the —SH content of 
crystalline papain by the newly described method of titration 
with porphyrindin (10). The data are shown in Table IX. 
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The behavior of this reagent toward papain did not correspond to 
that described in the literature for other proteins. At room tem- 
perature no end-point was obtained, even after the addition of 


TasBLe IX 
Effect of Porphyrindin on Papain ([Pa. ung. PN 23) 


16 mg. of papain were used for each determination. 











to enzyme inactivated by 
iodoacetic acid 


| Total [Po 7 Tin. oer | pain $7  lents 
wane titration Bia 33 | of dye 
| main- $7 | eoenl 
Treatment* ute: ae r | ing | 3S | “per 
rindint No active! ¢ > | mole 
| ‘odded. | active- NaN after | 35 | of 
| tor | ment | gs enzyme 
samctigntipaianiiams veel -| ——|—— | ——|— ite 
; = | cont | cent | 
1. Untreated enzyme 10.00 | 23 | 28 | 82 | 
2. 30 min. after addition of dye | 0.09 y | 24 | 28 | 8 | 0 | 0.5 
a, .* 7. © .* 16@e 9 | 2 | 7%) | 44 
4.2hrs. “ “« « « 19.¢0¢ | 15 | a | 71:25 | 4.4 
5. 18 “ a “« « « |o.go" | 15 | | 71 | | 4.4 
6. Sample 5, 2 hrs. after further | 1.60“ | 10 17. | 58 | 39 | 8.8 
addition of dye | | | 
7. Sample 6 after 15 days at 8° | 1.60 “ | 8 70t | 8.8 
8. 30 min. after addition of dye 5.1 br) 9 —-68 | 28 
9. Titrated at pH 4.6 11.2 ¢ | | 
10 0.05y | 5 | 0.27 


. 30 min. after addition of dye | | 9] | 75 
iat gt | 
| uae a | 


| 
| 
| 
| 








* The pH of the protein solution was 7. 2 + 0. 1 unless otherwise stated. 

+ 1 ml. of porphyrindin solution was equivalent to 0.5 mg. of cysteine 
hydrochloride. We thank Dr. L. F. Martin of this laboratory for the 
porphyrindin. y signifies the solution was blue for about 2 minutes and 
faded to a yellow which was stable for more than 30 minutes. r and br 
signify respectively that the solution was red and blue-red after standing 
for 30 minutes or for the times indicated. 

t The loss measured by the hemoglobin digestion technique was 75 per 
cent. 


more porphyrindin than was equivalent to the total protein sulfur. 
At 2-3° no discharge of color occurred for several minutes when a 
very small amount of porphyrindin was added, thus giving practi- 
cally a zero titration. In all cases, the addition of a large quantity 
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of dye finally produced a red color (even at a pH as low as 4.6). 
There is, however, no reason to assume that the change in color 
from blue to red indicates a sulfhydryl group. Tyrosine and other 
phenols in alkaline solutions may be oxidized by porphyrindin to 
yield a similar red color. A group that reduces porphyrindin does 
appear to exist in crystalline papain, and to judge solely from the 
color produced, it might be a phenol group. Whatever this group 
may be, however, it is not directly responsible for the enzymic 
activity. As shown by experiments with iodoacetate, the reac- 
tion of one group in the papain molecule is capable of inactivating 
the enzyme; yet the addition of much more porphyrindin than this 
failed to inactivate it. Furthermore, pretreatment with enough 
iodoacetate to inactivate over two-thirds of the papain had no 
influence on the development or intensity of the red color formed 
with porphyrindin. 

The inactivation of papain with iodoacetate and cystine indi- 
cates an essential sulfhydryl group in the active enzyme, in agree- 
ment with the results of many other workers. The results with ni- 
troprusside and porphyrindin disagree with these observations. 
Either there is no sulfhydryl in active papain or the latter methods 
of testing for it are not consistently valid. It is therefore planned 
to investigate these conflicting data further.‘ 


Methods 


Proteolytic Activity (Hemoglobin)—The method of Anson (1) was 
used, except that the precipitated hemoglobin was allowed to 
stand for 30 minutes before filtering and the digestion temperature 
was 30°. (About 0.2 mg. of commercial papain or 0.01 mg. of 
latex protein nitrogen .vas used per assay tube.) 

The initial rate of digestion at 30° by 1 activity unit [Pa. u.]™ 
is such that there is produced per minute in 6 ml. of digestion 
mixture an amount of color-producing substance not precipitable 
with trichloroacetic acid that gives the same color with the 
phenol reagent as 1 milliequivalent of tyrosine. Subscripts such 
as in [Pa. u.Jme. p.~ Or [Pa. u.Jas., etc., refer to the number of 
units per mg. of protein nitrogen or per ml. of enzyme solution. 

Milk-Clotting Activity—This was determined by the method of 


‘Further data are now in press and will appear shortly in Nature. 
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Balls and Hoover (5), except that 30° and 5 ml. of Klim were used. 
Each Klim preparation was standardized with a dried enzyme 
preparation kept for reference. This is desirable because occa- 
sional preparations of Klim varied considerably from the general 
run in clotting time. 

1 activity unit, [Pa. u.]™-, is the amount of papain that will 
clot 5 ml. of standard milk preparation at 30° in 1 minute. 

Hippurylamide-Splitting Activity—2 ml. of enzyme solution plus 
1 ml. of water or activator were added to 87 mg. of hippurylamide 
dissolved in 14 ml. of 0.1 m acetate buffer, pH 4.9. At various 
times during digestion at 30° samples of 0.7 ml. were removed and 
titrated with 0.02 n NaOH by a formol titration technique (16, 
19). An increase of 1 ml. is equivalent to 100 per cent splitting. 

1 activity unit [Pa. u.]™4 is defined as that quantity of enzyme 
which, in the titration carried out as above, causes an increase in 
the titration representing splitting of hippurylamide, at the 
initial rate of 1 milliequivalent per minute. 

Casein Digestion—The substrate was a 5 per cent solution of 
Hammarsten casein in 0.05 n NaOH heated to 90-95° for 30 
minutes and subsequently adjusted to pH 7.3. This is not to be 
regarded as a standard preparation, however. 

Protein Nitrogen Determination—10 ml. of 2.5 per cent trichloro- 
acetic acid were added to 1 ml. or less of protein solution, heated for 
10 to 15 minutes at 75°, and centrifuged. The supernatant liquid 
was decanted and the precipitate washed with 2.5 per cent tri- 
chloroacetic acid and recentrifuged. The protein was then 
dissolved in 1 ml. of concentrated H,SO, and gently warmed until 
slightly charred. Transfer to a micro-Kjeldah] digestion flask 
was then possible without precipitation. 


SUMMARY 


A method is described for the isolation of a crystalline protein 
of high enzymic activity from papaya latex. The enzyme is 
activated by cyanide, sulfhydryl compounds, and the like, and will 
digest hemoglobin with a velocity comparable to the pancreatic 
proteinases. It also clots milk and hydrolyzes hippurylamide. 
It is quite stable in dilute alkali (up to pH 10.5) but is unstable in 
dilute acid (below pH 4.5). The isolated protein is but slightly 
soluble in dilute salt solutions, particularly at low temperatures, 
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and behaves like a prolamin to the extent that it is soluble in 70 
per cent alcohol. It is isoelectric at about pH 9.0 and has a 
molecular weight of about 27,000 measured by osmotic pressure. 
The protein contains 15.5 per cent nitrogen, 1.2 per cent total 
sulfur, 1.0 per cent cystine sulfur, and 0.0 per cent phosphorus. 
Doubt is thrown on the validity of porphyrindin and nitro- 
prusside as consistent indicators of —SH in proteins, because they 
give negative results with papain, while other reactions may be 
interpreted as indicating the presence of sulfhydryl groups. 


The cooperation of the Hawaiian Agricultural Experiment 
Station in furnishing papaya latex is greatly appreciated, and 
particular thanks are due to Dr. J. H. Beaumont, Director of the 
Station, and to Mr. R. R. Thompson, who is conducting the work 
on papain there. 
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PROTEIN CHANGES IN MOSAIC-DISEASED TOBACCO* 


By L. F. MARTIN, A. K. BALLS, ano H. H. McKINNEY 


(From the Food Research Division, Bureau of Agricultural Chemistry and 
Engineering, and the Division of Cereal Crops and Diseases, Bureau 
of Plant Industry, United States Department of Agriculture, 
Washington) 


(Received for publication, July 27, 1939) 


As a step toward an explanation of the mechanism of virus for- 
mation in the host plant, it is necessary to obtain data on the 
rate of increase of the virus nucleoprotein and the relation of its 
concentration to that of the normal proteins of the tissue. Such 
data to be significant must be obtained on the composition of the 
whole tissue, and include in so far as possible all of the protein 
present rather than extractable fractions thereof. Martin, Balls, 
and McKinney (1938) have indicated the principle of a method for 
distinguishing between the trypsin-digestible normal protein and 
the trypsin-resistant virus nucleoprotein of tobacco mosaic. The 
purpose of this report is to present some results obtained by the 
application of the trypsin method of estimating the virus and nor- 
mal proteins. 

It is of particular interest to determine whether or not the virus 
nucleoprotein is formed either directly from, or at the expense of, 
some normal protein constituents of the plant. The idea of a 
specific protein precursor of the virus is implicit in the sug- 
gested autocatalytic synthesis analogous to the activation of 
trypsinogen (Stanley, 1936). This analogy can only hold in a 
broad sense; a mechanism exactly like that of the activation of 
trypsinogen would require the presence of an amount of specific 
virus precursor equal to the amount of virus ultimately formed, 
and the plant would have to contain a number of different pre- 


* These studies were conducted under Bankhead-Jones Project Special 
Research Fund 2-17, United States Department of Agriculture, Bureaus 
of Plant Industry and Agricultural Chemistry and Engineering cooperat- 
ing. 
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cursors equal to the 60 or more viruses to which it is susceptible. 
In a more general sense, the normal proteins of the plant might 
furnish the substrate from which virus is formed. Healthy 
tobacco and tomato leaves have yielded, when extracted without 
freezing, normal high molecular weight nucleoproteins (Bawden 
and Pirie, 1938); these are not regarded as precursors because of 
marked differences in properties and failure to become activated 
in vitro, but it is suggested that they may be involved in the 
biological synthesis of the abnormal virus nucleoprotein. 

Stanley (1937, a) has stated that as much as 80 per cent of the 
total protein of diseased plants may consist of virus protein, and 
he has studied the rate of increase of virus protein in extracts of 
plants at weekly intervals (Stanley, 1937, b). Bawden and Pirie 
(1937), however, have pointed out that the extracted sap of 
diseased plants may contain 5 to 10 times as much protein as simi- 
lar extracts of healthy plants,' and that the extracts contain only 
a fraction of the total protein (Bawden and Pirie, 1938), so that 
it is impossible to determine the proportion of virus to normal 
proteins from such data. 

The results here reported indicate that the protein changes are 
more complex than had previously been supposed, and the relative 
concentrations of normal protein and trypsin-resistant virus 
protein alter continually as infection progresses and the plants 
grow older. It is not possible to decide whether virus protein is 
formed from normal proteins or by independent generation if the 
loss of normal proteins is compensated by their simultaneous 
synthesis at an accelerated rate. The observed changes may be 
satisfactorily explained by competition of two independent proc- 
esses for the available supply of simpler substrates of protein 
synthesis. It may be pointed out that a so called autocatalytic 
rate of increase cannot be regarded as conclusive evidence of a 
chemical synthesis or activation, because the growth of any self- 
reproducing organism is also, in a general sense, autocatalytic 
(Robertson, 1923). 


1 In a previous note Martin, Balls, and McKinney (1938) erroneously 
cited Bawden and Pirie (1937) as having stated that diseased plants con- 
tain 5 to 10 times as much protein as healthy plants. Dr. Bawden has 
called attention to the fact that this statement was applied in their paper 
only to the extracted saps. 
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EXPERIMENTAL 


The plants used for most of the experiments were Nicotiana 
tabacum, L., var. Wisconsin-Havana seed, inoculated with Nico- 
tiana Virus 1. Two separate sets were studied, one for the early 
stages of infection up to 10 days after inoculation, and another 
for the later stages from 10 days to maturity. The later stages 
of the disease were also studied for comparative purposes in two 
resistant genotypes, Ambalema and Type 448A.* The latter 
represents the highest degree of resistance known in tobacco, 
but it is not entirely immune (McKinney, 1939). None of the 
plants of either resistant genotype developed visible symptoms 
during the experiment; Ambalema may be designated as very 
resistant, and Type 448A as extremely resistant. The plants 
were 44 to 49 days old when inoculated by wiping the second to 
the lowermost leaf (fifth from the tip leaf, mensuring 3 to 5 cm.) 
with a solution of the virus. 

In following the early stages of infection five mosaic-diseased 
and five healthy control plants were cut at the base, at each time 
interval, and weighed. Two finely comminuted composite sam- 
ples and two corresponding controls were made up for each inter- 
val when possible. A sample of bottom leaves consisted of the 
two leaves from each of the five plants just above the inoculated 
leaf, i.e. the third and fourth from the bottom. These bottom 
leaves represented the same tissue, whose age was practically 
equal to that of the plant as a whole throughout the time they 
were studied. They had matured and were becoming senile 
after 14 days and consequently were not available during later 
stages of infection. Some of these leaves developed vein clear- 
ing and some manifested no symptoms. A sample of top leaves 
consisted of the fourth and fifth leaves from the top, counted 
from the tip leaf 3 to 5 cm. long, of each of the five plants. It 
represented comparable tissue throughout the early and late 
stages of infection, as these leaves were always about the same size 
and age independent of the age of the plant as a whole. At 
2 days after inoculation bottom and top leaves as designated were 
identical, but distinct samples were obtained at 5 days and after. 


* The seed of the resistant genotypes was supplied by Dr. E. E. Clayton, 
Bureau of Plant Industry, United States Department of Agriculture. 
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Analyses during later stages were necessarily confined to top 
leaves. As these stages were studied on an entirely different 
set of plants at a different time of the year, the data are only 
qualitatively a continuation of those for the early stages. 


Analytical Method 


The differentiation of virus protein and normal digestible pro- 
tein is based upon the observation (Bawden and Pirie, 1937; 
Martin, McKinney, and Boyle, 1937) of the unusual stability of 
native virus protein toward trypsin. It seems highly probable 
that practically all of the nitrogen of the normal proteins is ren- 
dered soluble in trichloroacetic acid by tryptic digestion. Enzymic 
digestion with a preparation from Aspergillus wentit has been 
employed by Orcutt and Wilson (1936) for determination of the 
protein nitrogen in plant tissues, and the amounts found in to- 
bacco by the use of commercial trypsin under our conditions are 
in good agreement with those reported by Vickery, Pucher, 
Wakeman, and Leavenworth (1937) using the hot alcoholic ex- 
traction method. There is in both healthy and diseased plants a 
residue of insoluble and undigestible nitrogen which is increased 
by the nitrogen of the virus protein present in the diseased tissue. 


Method 1 


The difference between the undigestible residual nitrogen of the 
diseased tissue and that of the healthy control tissue is taken 
as the estimate of virus protein nitrogen. Samples of 1 to 2 gm. 
each of diseased and healthy control tissue were shaken for 15 to 
20 minutes in glass-stoppered cylinders with exactly 25 ml. of 
0.1 m phosphate buffer, pH 7, with addition of a few drops of 
toluene and several glass beads. 1 ml. of 0.1 Nn NaOH was added 
to adjust the pH to about 7.5, and then 2 ml. of a filtered extract 
of 20 mg. of Fairchild’s trypsin per ml. of phosphate buffer. 
The mixture was allowed to digest for 18 to 20 hours at 30°. 
Exactly 25 cc. of 5 per cent trichloroacetic acid were then added 
and the mixture heated to 75-80°, with occasional shaking for 15 
to 20 minutes. It was cooled, filtered through a dry paper into a 
dry test-tube, and aliquots were analyzed for nitrogen. A blank 
containing only the reagents and trypsin was run with each set of 
digestions. The amount of nitrogen introduced with the trypsin 
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was fairly large and somewhat variable for different extracts of the 
same trypsin; it is almost all initially soluble in 2.5 per cent tri- 
chloroacetic acid, as there is very little protein in the trypsin 
solution and its autolysis is negligible. 

Somewhat larger samples of 2 to 3 gm. were treated exactly as 
described above, except that 2 ml. of water were added instead of 
the trypsin solution, in order to determine the non-protein sol- 
uble nitrogen without digestion. In some determinations these 
samples were immediately precipitated with hot 2.5 per cent tri- 
chloroacetic acid, without the 18 to 20 hour incubation. Dupli- 
cates of the same tissue sample precipitated immediately and after 
standing 18 to 20 hours at 30° showed that, in the absence of tryp- 
sin, autolysis was negligible. 

Total solids were determined by drying 24 hours at 105°, and 
the water content of each sample was added to the volume of 
reagent solutions to obtain the total volume for calculation of the 
nitrogen quantities from the aliquot determinations. Samples of 
0.3 to 0.6 gm. were weighed directly into micro-Kjeldahl flasks 
and the total nitrogen determined. All nitrogen values are cal- 
culated as mg. per gm. of the dry tissue. The Kjeldahl deter- 
minations were all made by a semimicromodification® of the 
iron reduction method described by Pucher, Leavenworth, and 
Vickery (1930) to include nitrate nitrogen. 

A test of the resistance of the virus protein to digestion under 
the conditions used was made by adding a known amount of puri- 
fied virus protein to a sample of tissue and determining the di- 
gestible protein nitrogen in this sample and a control to which no 
virus was added. The amount of nitrogen added as virus protein 
was almost equal to the total digestible protein nitrogen of the 
tissue, but none digested, as shown by the fact that both the virus 
sample and the control gave the same value for digestible nitrogen 
within the limits of error of the method. Completeness of di- 


*Sample and reagent quantities given by Pucher, Leavenworth, and 
Vickery (1930) were reduced to one-tenth, except in the case of concentrated 
sulfuric acid, of which one-twentieth the prescribed volume was sufficient. 
Addition of 0.1 gm. of sugar to the digestion produced sufficient frothing 
to eliminate serious bumping during the difficult stage of concentration. 
Determinations of nitrogen in a solution of potassium nitrate made up to 
contain 1.0 mg. per ml. of nitrogen were accurate to within 3 per cent. 
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gestion of the protein of healthy tissue was further tested by vary- 
ing the concentration of trypsin. Under standard conditions 
1, 2, and 4 ml. of the standard trypsin solution gave values for 
the digestible nitrogen of 3.98, 4.04, and 4.08 mg. per gm., respec- 
tively. The increase, if due entirely to increased digestion of 
protein in the tissue, is well within the limit of error. 


Method 2 


This procedure is based upon the fact (Bawden and Pirie, 
1937) that while native virus nucleoprotein is unusually resistant 
to trypsin, the denatured protein is readily digested to the point 
of solubility in 2.5 per cent trichloroacetic acid. A solution of 
purified virus protein in neutral 0.1 m phosphate buffer was de- 

natured by heating to 90° for 30 minutes; the coagulum was dis- 
persed as finely as possible by shaking with beads; and the pro- 
tein nitrogen content, determined with 2.5 per cent trichloroacetic 
acid, was found to be 0.25 mg. per ml. 1 ml. of the standard tryp- 
sin solution was added and the suspension cleared rapidly on di- 
gestion at 30°. Digestion of the denatured protein was 90 per 
cent complete in 1.5 hours and 96 per cent complete in 19 hours. 
The virus protein is digested almost as rapidly in 6.66 M urea 
solution. 

In applying this procedure to the plant material, two separate 
samples of diseased tissue were used; one was first heated to 90- 
95° for 15 to 20 minutes, and both were then digested exactly as 
in Method 1. The increase in digestible protein nitrogen 
of the heated sample over that of the unheated sample repre- 
sents principally virus protein nitrogen. When the same proce- 
dure was applied to two samples of the healthy control tissue, 
there was a relatively small and variable increase in digestible 
nitrogen in the heated sample. For this reason the control 
material was also run for each analysis, and the increase observed 
was deducted from that found for the diseased samples as a cor- 
rection. All samples taken during the early stages of infection 
were analyzed by both Methods 1 and 2, and the agreement in 
most cases was quite satisfactory. 


Results 
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Data obtained on the changes in both bottom and top leaves 
during the early stages of infection are collected in Table I. In 
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the ninth and tenth columns the virus protein nitrogen concen- 
trations estimated by Method 2 are given for comparison with 
the values obtained by Method 1 of subtracting the insoluble re- 
sidual nitrogen of the controls from that of each corresponding 


TaBLe I 


Protein Changes in Susceptible Variety of Tobacco, Wisconsin-Havana, in 
Early Stages of Infection 
































| zit | tome Assay 
= | Position a To Soluble ‘hin | | ire — 

No. | i-—4 N | N tN” | PN" "| ble (Method |Method halt 
“al AS EE eee ee SLE) Mie A 

mg. por | mg. por| mg. por| mg. por| me. por| me. per | me. 
gm. | gm 1 |e | gm. 

O° | 58.6 | 15.3 | 43.3 | 20.1 | 14.2 | | 

it | | 53.9 | 10.1 | 43.8 | 27.6 | 16.2 | 

1 | 2 | 53.8 | 11.5 | 42.3 | 23.7| 18.6 | 2.4] 3.2 | 0.05 

2t | Top | 59.3 | 12.3 | 47.0 | 32.6 | 14.4 | 

2 | « 5 | 58.2/10.4/ 47.8 | 30.7|17.1| 2.7| 5.1 

2t | Bottom) | 46.8| 9.3 | 37.5 | 26.7 | 10.8 | 

2 | “ | 5 | 53.6] 9.0 | 44.6 | 26.9/17.7| 6.9 

3t |Top | | 57.5 | 12.3 | 45.2 | 20.5 | 15.7 | | | 

st 7 | 62.8 | 11.9 | 50.9 | 24.7 | 26.2 | 10.5 | 10.5 | 1.15t 

3t | Bottom | 45.7 | 10.0 | 35.7 | 24.2 | 11.5 | 

3 “| 7 | 51.0 | 11.4 | 39.6 | 22.9 | 16.7| 5.2| 3.7 | 0.104 

4t | Top | 55.0 | 10.0 | 45.0 | 32.6 | 12.4 | | 

> ie 9 | 67.5 | 11.9 | 55.6 | 28.6 | 27.0 | 14.6 | 13.0 | 3.80 

4t | Bottom 41.8) 7.0 | 34.8 | 21.0 | 13.8 | | 

4} “ | 9 | 43.3} 11.2] 32.1] 21.0) 11.1] 0 | 0 | 0.08 

St |Top | | 52.9 | 6.5 | 46.4 | 28.8 | 17.6 | 

5 | “ | 14 | 68.3 | 10.9 | 57.4 | 29.0 | 28.4 | 10.8 | 9.9 | 2.50 

5t | Bottom 27.8 | 4.0 | 23.8 | 15.8| 8.0 | | 

5 “| 14 | 37.2] 6.2 | 31.0] 18.6|12.4| 4.4] 2.8 |12.50 





* Nitrogen in mg. per gm. of dry weight. Virus protein = 6 X N. 

t Assays on forty half leaves of forty Scotia bean plants, for each sample. 
Bottom leaf extracts were diluted to 10~*, top leaf extracts to 107°. 

t Healthy controls. 


mosaic-diseased sample. Fig. 1 shows the changes observed in 
the bottom leaves. The increase of virus protein (Fig. 2, Curve 
II) was fairly rapid, and a measurable concentration of 1 mg. per 
gm. or more of nitrogen, t.e. 6 mg. per gm. or more of virus pro- 
tein, was attained probably within 24 hours after inoculation, 
although the leaves analyzed were not themselves inoculated 
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Fic. 1. Changes in protein concentrations in bottom leaves 
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Fic. 2. Rate of increase of total virus protein 
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directly. There was no increase in total nitrogen or total protein 
during the initial phase, but the digestible normal protein fell 
below its concentration in the healthy plants. In this phase the 
virus protein appears to displace some normal protein, either by 
direct conversion into virus protein or by limiting the normal 
protein synthesis through diversion of the available substrates. 

The second phase in the bottom leaves was marked by a very 
rapid accumulation of virus protein (Fig. 2, Curve IT), accom- 
panied by an increase in both total nitrogen and total protein 
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Fic. 3. Changes in protein concentrations in top leaves 


concentrations. At the time that the maximum concentration 
of virus protein was attained it was present in excess of the normal 
protein level of the controls. The utilization of proteins or pro- 
tein substrates in formation of virus protein was fully compen- 
sated for by the increased protein synthesis and the digestible 
normal protein rose to the level maintained in the healthy plants. 
The final phase in these leaves was a decrease of virus protein 
concentration. 

In the top leaves the same sequence of changes is shown (Figs. 
2 and 3), but occurred somewhat later in the course of infection 
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of the plant as a whole, though probably at the same relative 
period in the development of the leaves, most of which were very 
small at the time of inoculation. Formation of virus protein at 
the expense of the normal proteins continued for at least 5 days. 
Rapid production of virus protein and increase of total nitrogen 
and total protein occurred from the 6th to 9th days, and this 
change coincided with the appearance of visible mottling symp- 
toms in the leaves. The maximum concentration of virus pro- 
tein was reached in about 10 days, and was higher than that ever 
attained in the bottom leaves. Following this there was a de- 
crease in the concentration of virus protein, while the normal 
protein returned to the level found in the healthy controls. 

In Fig. 2 the concentrations of virus protein alone are shown 
by Curves I and II, in top and bottom leaves, respectively, while 
Curve III indicates the rate of increase in the total amount of 
virus protein estimated in the plants as a whole. By compari- 
son with the growth of the plants determined by the dry weight, 
Curve IV, it is seen that the increase in virus protein exceeded 
the growth of the plants during the period of its rapid production, 
but otherwise followed the rate of production of total solids in 
the tissue. Data for Curves III and IV are estimates obtained 
by multiplying the green weight of the plants by the average 
per cent solids and by the average concentration of virus protein 
nitrogen between top and bottom leaves. 

During the subsequent growth of the plants there was a con- 
tinued decrease in virus protein concentration in the comparable 
top leaves until maturity, when it fell to a fifth of that attained 
10 days after inoculation. The results shown in Fig. 4 were ob- 
tained on a different set of plants of Wisconsin-Havana seed, 
and are only a qualitative continuation of the data in Figs. 1 to 
3, but the sequence of changes during the first 10 days is indicated 
qualitatively by dashed lines, on the basis of the other observa- 
tions. With the reduction of undigestible virus protein and re- 
turn of digestible protein to the normal level, the increase in total 
nitrogen and total protein above the concentrations of the con- 
trols disappeared also. Values for total nitrogen and total pro- 
tein may even fall somewhat below those of the healthy plants. 
Symptoms in these leaves at this time are very severe. 

The data of Fig. 4 for Wisconsin-Havana tobacco are given in 
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Table II, together with similar data on the resistant varieties. 
The earlier stages of infection have not yet been studied in these 
varieties, but correlation of the results with degree of resistance is 
clear. In the very resistant type, Ambalema, the same sequence 
of changes occurred, but to a lesser degree, and the undigestible 
virus protein disappeared much earlier after attaining a maximum 
concentration of only a third of that found in the simultaneously 
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Fic. 4. Changes in protein and total nitrogen concentrations in top 
leaves during later stages of mosaic infection (Wisconsin-Havana seed 
tobacco). 


studied susceptible variety. In the extremely resistant Type 
448A there was no amount of virus protein detectable by the tryp- 
sin method during the period studied. The negative values ob- 
tained by comparing the undigestible residue with that of the 
controls indicated a consistent decrease in some undigestible and 
insoluble constituent of these plants, caused by the disease. A 
further response observed in this genotype is that the inoculated 
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plants showed a consistent decrease in total nitrogen due to the 
infection, rather than the characteristic increase found in the 
susceptible variety. No visible symptoms were noted in Am- 
balema or Type 448A during the experiment. 

In general, the amounts of virus indicated by the assays of infec- 
tivity of the sap paralleled the findings of the analyses as to rela- 
tive amounts of virus protein in the susceptible, very resistant, 
and extremely resistant genotypes. Amounts of virus protein 
corresponding to assays of thirteen lesions per half leaf at a dilu- 


TaBLe II 
_ Effect of Mosaic Resistance Factors on Protein Changes 




















Days| Total N | Digestible N | Infectiv- 
after > ity, 
Type of tobacco plant inoeu-| Con [Mesie-| Con. [Meanie Virus N | —_-. 
n- | - 
lation trols a trols ‘infected Psteaf 
——— 
| mg. per| mg. per|» mg. per| mg. per| mg. per | 
| gm. gm. gm. | gm. gm. 
Wisconsin-Havana, 10 | 62.9 | 66.4 | 34.2 | 10.8 28.5 | 222 
susceptible 23 | 59.6 | 64.2 | 31.9 | 26.1 | 10.3 | 268 
37 | 56.6 | 52.3 | 37.5 | 27.4) 5.7 | 206 
Ambalema, very | 10 | 63.1 | 63.5 | 29.2/ 19.5) 8.9| 16 
resistant | 23 | 56.4 | 60.9 | 25.8) 28.1) 0.0) 21 
| 87 | 35.4 | 38.8 | 20.8) 23.5) 0.2) 1 
Type 448A, extremely | 10 | 68.3 | 63.5 | 31.0 | 33.1 | (-—2.9)| 12.8 
resistant | 23 | 62.1 | 59.0 | 34.8 | 33.8 | (—2.4)) 0.52 
| 87 | 46.5 | 41.2 | 27.4 | 25.6 | (—2.6)) 0.025 





: See foot- notes to ‘Table I. 50 to 64 half leaves were used on as many 
plants. Assays were calculated to a dilution of 10-* on a proportional 
basis. Actual assay dilutions were as follows: Wisconsin-Havana 10~, 
Ambalema 10~*, Type 448A 10~?. 


tion of 10-* would be far below the limit of the analytical method. 
The failure of correlation between measurable amounts of virus 
protein and the corresponding assays may be expected, as the 
assays are made with extracted sap; the extractability of the virus 
protein is highly variable, and is no doubt influenced by physical 
and chemical changes occurring in the tissue with aging of the 
plants. 


DISCUSSION 


In the first phase of the disease the normal protein was decreased 
by an anfount about equal to the estimated amount of virus pro- 
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tein formed. ‘This may be interpreted as the conversion of some 
normal protein constituents into the nucleoprotein of the virus, 
but is equally well explained as being due to competition of two 
independent protein syntheses for a limited supply of available 
material for protein building. In the next phase, when very rapid 
accumulation of virus protein occurred, it is certain that protein 
synthesis as a whole was accelerated, and eventually the deficiency 
of normal digestible proteins was fully compensated for. Whether 
this involves an accelerated synthesis of normal proteins, or an 
increase in the supply of simpler substrates available for both 
syntheses, the result would be the same. 

The rate of increase of virus protein showed an induction period, 
a very rapid acceleration, and an abrupt cessation, followed by a 
gradual decline. The shape of the curve for the early stages may 
be interpreted as autocatalytic, but it has been shown that any 
growth curve (Robertson, 1923) is qualitatively indistinguishable 
from that of an autocatalytic reaction in a limited chemical 
system. Very similar curves may result from processes involving 
two consecutive unimolecular changes with suitable rate constants 
(Jablezynski, 1908; Martin, Pizzolato, and McWaters, 1935). 
In this case the rate of production of virus protein would be quite 
compatible with the idea of its synthesis from normal proteins, 
not autocatalytically, but unimolecularly. 

The apparent reduction of virus protein in individual leaves as 
they age, or in comparable leaves as the plant grows older, must 
be due to factors limiting further formation of native virus protein. 
In contrast to the results of the trypsin analysis, sap extracted 
from old leaves and upper leaves of old plants showed a high in- 
fectivity despite the low concentration of trypsin-resistant protein 
in the whole tissue. Before proper significance may be given to 
such differences, it would be necessary to determine the validity 
of direct lesion count comparisons between native extracts of high 
virus content and those of extremely low virus content. Apart 
from variations in extractability, the ratio of diluent to extract 
differs greatly in the practical assay range. The greatest dis- 
crepancies between the analyses and the assays occur in Table I, 
the differences between assays of top and bottom leaves being 
far greater than the differences in virus protein concentrations. 
As noted there, the top leaves were assayed at a dilution of 
10, and the bottom leaves at 10-°. The relation of the virus 
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nucleoprotein to normal proteins, and any permanent alteration 
in composition of digestible proteins resulting from the complete 
cycle of changes, can only be decided by analysis of the composi- 
tions of the proteins involved. 

While no visible symptoms appeared in the extremely resistant 
Type 448A, there were definite metabolic changes produced by 
inoculation and harboring of the virus even at a very low concen- 
tration. These plants responded by a consistently lowered total 
nitrogen concentration, and a consistent decrease in the amount 
of some undigestible and insoluble nitrogen constituent. This 
type of tobacco is quite susceptible to other types of mosaic, and 
the exact mechanism of resistance to common mosaic must be 
highly specific, but it results in a limitation of protein synthesis 
which does not permit any measurable accumulation of the virus 
protein. 

In general, the increase of total protein in the tissue of suscep- 
tible plants was much less than that in extracts or expressed sap, 
which is readily explained by the greater solubility of virus protein 
under the usual extraction conditions. The virus protein usually 
reached a level accounting for about a third of the total protein 
concentration of susceptible tissues, and its presence was accom- 
panied by a simultaneous increase in total protein production as 
compared with undiseased tissue. 


SUMMARY 


Procedures in which trypsin is employed have been described 
whereby it is possible to estimate the nucleoproteins of tobacco 
common mosaic and certain other mosaic diseases, as distinguished 
from the normal digestible proteins, in samples of whole tissue. 
Observations made by these methods indicate: 

1. After inoculation of young plants with common mosaic 
disease the virus protein accumulates at first by displacement of 
an equal amount of normal proteins. After 3 or 6 days, in lower 
and upper leaves respectively, a very rapid increase in virus 
protein concentration begins, accompanied by an increase in total 
nitrogen and total protein, and by the appearance of visible symp- 
toms. Finally the virus protein is almost entirely present in 
addition to the amount of normal protein maintained by healthy 
plants. 
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2. As individual leaves or the entire plants grow older there is 
a gradual decrease in virus protein with increasing maturity of the 
tissue. 

3. Very resistant tobacco shows the same effects, but quanti- 
tatively a lower maximum concentration of virus protein is 
attained, and the protein disappears earlier. An extremely 
resistant tobacco responds by a decreased total nitrogen concen- 
tration and a decrease in some insoluble and undigestible nitrogen 
constituent, without formation of measurable amounts of virus 
protein. 

4. The observations may be explained either by a direct con- 
version of normal proteins into virus protein, or a competition of 
normal and virus protein syntheses for available nitrogen, accom- 
panied by an acceleration of the total nitrogen assimilation and 
protein synthesis. 
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STUDIES IN PROTEIN METABOLISM 


X. THE METABOLIC ACTIVITY OF BODY PROTEINS INVESTI- 
GATED WITH | (—)-LEUCINE CONTAINING TWO 
ISOTOPES* 


By RUDOLF SCHOENHEIMER, 8. RATNER, anv D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, July 26, 1939) 


Adult animals on an adequate diet, in nitrogen equilibrium, ex- 
crete an amount of nitrogen equivalent to that in the diet. In- 
crease of dietary amino acid or protein results in an immediate or 
somewhat retarded excess excretion of nitrogen corresponding to 
the additional intake. It has usually been assumed that the 
urinary nitrogen is mainly of dietary origin. Almost all investi- 
gators, however, have postulated the occurrence of at least some 
replacement of body proteins necessary for repair of losses due to 
wear and tear (maintenance quota). The classical “balance” 
experimentation has been unable to measure the extent of this 
normal replacement. 

Although many biochemical reactions of proteins and amino acids 
are known to take place under special conditions, it has hitherto 
not deen possible to establish the extent of their occurrence among 
the components of body protein in normal animals. Isotopic 
amino acids seem to offer a valuable tool for the investigation of 
such normal reactions. Experiments with isotopic compounds 
carried out so far seem to indicate that the body proteins are 
chemically more reactive than seems usually to have been as- 
sumed. 

In a recent experiment (1) in which dl-tyrosine was adminis- 
tered to rats in nitrogen balance, a variety of chemical reactions 
was observed in which the nitrogen of tyrosine was involved. 


* This work was carried out with the aid of grants from the Rockefeller 
Foundation and the Josiah Macy, Jr., Foundation. 
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While the animals excreted an amount of nitrogen corresponding 
to that in the diet, only a part (50 to 60 per cent) of the marked 
tyrosine nitrogen appeared in the excreta within 10 days; most of 
the remainder had replaced protein nitrogen for excretion. Inves- 
tigation of the distribution of the nitrogen indicated the reactions 
in which the tyrosine nitrogen had been involved: Some of this 
nitrogen had remained attached to the carbon chain with which it 
was administered, and was introduced into the protein as tyrosine 
which had obviously replaced tyrosine of the proteins. This iso- 
topic tyrosine nitrogen, however, accounted for only 25 per cent 
of the total marked nitrogen deposited in the protein. The re- 
maining 75 per cent had been transferred to other protein constit- 
uents (aminodicarboxylic acids, a-amino group of histidine 
(2), guanido group of arginine, etc.). The replacement of protein 
tyrosine by dietary tyrosine, as well as the transfer of nitrogen 
from one amino acid to others, demonstrated the occurrence of 
extensive chemical reactions occurring in the body proteins. The 
experiment showed that as far as tyrosine nitrogen is concerned, 
the urinary nitrogen primarily represents not the dietary nitrogen, 
but tissue nitrogen liberated by various chemical processes. 

In another experiment it was found that even ammonia was 
utilized by normal animals to some extent. The intake of small 
amounts of ammonia is not unusual. It is known to enter the 
blood stream regularly from the intestinal tract where it is formed 
from amide groups of proteins as well as from amino acids by 
bacterial putrefaction. The addition of small amounts of iso- 
topic ammonia to the basic stock diet of mature rats (3) resulted 
in the fixation of some of the isotopic nitrogen in a number of 
amino acids. The extent of fixation in the tissue protein, though 
not as high as after tyrosine feeding, indicated that at least part 
of the at:monia nitrogen had replaced protein nitrogen in the 
tissues. 

From these two experiments, it became apparent that the iso- 
topic nitrogen in these compounds provided an indicator not only 
for the fate of the compound given, but also for various other chemical 
reactions occurring in the proteins of animals. As our animals 
had kept their weight constant and had thus maintained a prac- 
tically constant composition of their tissue components, the chem- 
ical reactions in which the nitrogen was involved could not have 
led to a significant change in the body composition. 
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It is generally recognized that the metabolism of the nitrogen 
of an amino acid differs from that of its carbon structure. The 
isotope N* provides a label for an amino acid only so long as the 
nitrogen is not removed from the carbon atom to which it was 
originally attached. The experiment with tyrosine demonstrated 
the rapidity with which nitrogen may be detached and transferred 
to other carbon compounds. As suggested in Paper I of this 
series (4), a more complete investigation of amino acid metabo- 
lism necessitates the use of at least two independent isotopes, one 
for the carbon chain and another for the amino group. We have 
now carried out an experiment with leucine which in contrast to 
tyrosine is known to be an indispensable dietary constituent (5). 
The leucine preparation, already described (6), contained two 
independent isotopic markers, deuterium and N“. According to 
the mode of preparation this stably bound deuterium was dis- 
tributed over the side chain. 


CHf N’ H; 


CH*—CH}—C—COOH 
CH; H 


The asterisks and the point designate the different marked atoms (*hy- 
drogen, marked with deuterium; ‘nitrogen marked with N“). 


This racemic compound was resolved over the brucine salts of 
the formyl] derivatives into both optical isomerides by means of a 
method by which each isomer was completely freed of its isotopic 
enantiomorph (see the experimental part). 

In the present experiment the metabolism of only the “natural’’ 
isomer, /(—)-leucine, was investigated under conditions analogous 
to those of our earlier experiments.! 

The /(—)-leucine administered contained 3.60 atom per cent 
deuterium and 6.54 atom per cent N™ excess.2?. The concentra- 
tions of both isotopes, D and N™, were high enough to allow an 
admixture with several hundred parts of ordinary leucine and 
still permit their estimation. 


1The metabolism of the “‘unnatural’’ isomer d(+)-leucine will be de- 
scribed in a forthcoming publication. 

* As in all earlier publications from this laboratory the N™ concentra- 
tions are given as excess above the normal abundance. 
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An amount of isotopic leucine corresponding to 23 mg. of total 
nitrogen per day was added to the same diet as had been em- 
ployed in our former experiments (1, 3). The four animals kept 
their weights constant during the 3 days of the feeding experi- 
ment. We preferred this short period in contrast to the 10 day 
experiment with tyrosine in the hope that the shorter period 
would give us better insight into the initial routes taken by the 
leucine nitrogen. At the end of the 3 day period, the excreta as 
well as a number of body constituents were investigated. 


TABLE I 
Balance of Nitrogen Isotope after Feeding Isotopic Leucine 
The values were calculated from the total nitrogen of the fractions and 
their isotope concentration. They are given as excess above the normal 
N® concentration. The animals had consumed 1261 microequivalents* 
of N*. 





Micro- Fraction of 
| equivalents) N15 admin- 











of N& istered 
eee | | mon 

Excreta | Feces 2 | 2.1 
Urine | 348 27.6 

Animal body Non-protein N 98 | 7.8 
Protein N | 725 | 687.5 

Total isotope recovered | 1197 | 95.0 





* Microequivalent of N* = 15 y of N™. 


Balance of Leucine Nitrogen—The internal organs, as well as 
the remaining carcass, were exhaustively extracted with 6 per 
cent trichloroacetic acid to separate the non-protein nitrogen 
from the protein. In Table I is given the distribution of the nitro- 
gen isotope in the excreta, as well as in the tissue protein, and the 
non-protein fraction of the organs. 

The material was well absorbed; only 2.1 per cent of the adminis- 
tered isotopic nitrogen was found in the feces. However, only a 
fraction of the isotope was excreted in the urine, 27.6 per cent. 
The remainder must have replaced body nitrogen. The bulk of 
the retained leucine nitrogen (57.5 per cent) had entered the pro- 
teins, while that in the non-protein fractions was small (7.8 


per cent). 
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The retention of the marked leucine nitrogen was thus higher 
than that found in the experiments with dl-tyrosine and with 
ammonia. As will be shown in a subsequent paper, the higher 
deposition is due to the fact that only the “‘natural’”’ isomer was 
administered. The results of the three experiments (tyrosine, 
ammonia, and leucine) are the same in principle in so far as they 
all demonstrate a high retention of dietary nitrogen. The results 


TaBLe II 


N™ Concentration in Protein Nitrogen of Blood and Organs from Four Rats 
Given Isotopic l(—)-Leucine 








Organ Total N | sy | Nu am 

millieg. microeq ay 
SE, ices > esacecenteead 11.2 12.1 0.108 
meemrtes........ 000000000. 35.7% | 6.8" 0.019 
Liver......... intent aig | 36.3 0.061 
Intestinal wall........ 49.4 47.9 0.097 
Kidney........ bia0sineakibeel 12.9 11.5 0.089 
Heart. . erer. ena yal 8.3 4.8 0.058 
Rc. <ahoncd dain os cnn iis dhe 8.8 6.3 0.072 
Testes....... (iin Ges ie 12.2 | 6.1 | 0,050 
SIE, 5c cccbliitd. ies veiViah | 47.1 | 17.6 | 0.012 
Musclet..... babe a's <an4chcun ne. ie 0.020 
RP ae eae 1685 505.5 0.030 

ae | 725 





* These two values were calculated from an analogous experiment. 

t The data given for total nitrogen and N™ in muscle and skin were 
obtained from small pieces. The carcass includes most of the muscle 
and skin and all tissues not analyzed separately. It consisted mainly of 
striated muscle, skin, bones, and connective tissue. 


taken together make it seem probable that we are dealing with a 
reaction characteristic of the nitrogen of most amino acids; 1.e., 
dietary nitrogen is retained in the body because it is involved in 
the chemical reactions of the body proteins. Experiments with 
other isotopic amino acids are being carried out to determine 
whether they are treated in a similar manner. 

Relative Activity of Organ Proteins—The proteins of the various 
Organs contained different amounts of marked nitrogen. In 
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Table II are shown the results of the analysis of the proteins of 
various organs. The last column, giving the concentration of 
isotope in the protein nitrogen fractions, can be taken to indicate 
the relative chemical activity of the proteins in regard to the ‘‘accept- 
ance”’ of dietary leucine nitrogen. The serum proteins show the 
highest activity; the internal organs (intestinal wall, liver, kidney, 
heart, spleen, testes) are somewhat less active. Muscle and skin 
show a relatively low activity, but they play the most important 
réle in the total replacement process owing to their large size and 
high total nitrogen. While the internal organs together had “‘ac- 
cepted”’ only 113 microequivalents of isotopic nitrogen, 612 micro- 
equivalents were introduced into the rest of the body. 


TaBie III 


N*™ Concentration (Atom Per Cent Excess) in Protein Constituents from 
Rats Fed Isotopic l(—)-Leucine 








Liver Intestinal wall | Total carcass 

Ee ee 0.061 0.097 0.030 
NOR. ore ccasesesekecees 0.051 0.081 

RRS RS Ey Se 0.048 0.041 

ES SEE Dy ae 0.033 0.061 0.013 
gg sega 0.076 0.150 | 0.046 
TS ee ee 0.121 0.194 | 0.058 
EE Ae i 0.028 0.016 
| A Ee 0.004 0.005 

TT oc SUE Loe vos 0's tnaks 0.518 0.480 0.124 














Introduction of Leucine into Proteins and “Activity’’ of Its Amino 
Group—In order to trace the isotope in the various protein con- 
stituents of the organs, those of the liver, the intestinal wall, 
and the “carcass” (consisting mainly of muscle and skin) were 
hydrolyzed separately and a number of amino acid samples were 
isolated. Their isotope content is given in Table III. In each 
protein the leucine had the highest N“ content of all the amino 
acids isolated. The inference that dietary leucine was directly 
introduced into the proteins is confirmed by the fact (discussed 
below) that the leucine from the proteins contained deuterium 
in the carbon chain as well. 

All other amino acids isolated, with the exception of lysine, also 








OSS TST eTrl( 











Schoenheimer, Ratner, and Rittenberg 709 


contained marked nitrogen. This is in agreement with our earlier 
findings. In the present study, the isotope must have originated 
from leucine. As the nitrogen in amino acids is stably bound (7), 
a transfer from one compound to another must connote chemical 
reactions which involved not only the compound which yielded, 
but that which accepted, the nitrogen. It has been suggested 
in our earlier publications that this shift of nitrogen from one 
amino acid to another is due to successive deamination and ami- 
nation. A reaction of this kind has been demonstrated by Braun- 
stein and Kritzman (8) in enzymatic experiments with glutamic 
and pyruvic acids and analogous compounds. If this type of 
reaction was responsible for the shift of nitrogen, a continuous 
amino shift (transamination) in the sense of Braunstein and Kritz- 
man would have to be postulated, resulting in the distribution 
of the leucine nitrogen over all the amino acids except lysine. 

The dietary leucine, according to this hypothesis, must have 
been involved in the same mutual process as the other amino 
acids of the protein, for all must have yielded as well as accepted 
nitrogen. While the normal nitrogen of the amino acids like 
glutamic acid, aspartic acid, glycine, etc., was partly replaced by 
marked nitrogen from leucine, the leucine should have accepted 
normal nitrogen from the other amino acids. 

That this reaction had occurred became apparent by the de- 
termination of both isotopes (D and N") in the tissue leucine 
(Table IV). The l(—)-leucine preparation added to the diet 
contained 3.60 atom per cent deuterium as a marker of the car- 
bon chain, and 6.54 atom per cent N™ excess in the amino group. 
For every 100 atoms of carbon-bound deuterium, there were thus 
182 atoms of isotopic nitrogen. In the course of the feeding 
experiment, this synthetic material became mixed with ordinary 
leucine from the dietary casein as well as that from the body pro- 
teins. By this inseparable admixture the concentration of both 
isotopes (D and N") of the original material must have been 
equally decreased ; i.e., the ratio of both isotopes in the tissue leu- 


* The diet was made up so that the amount of added leucine equaled that 
present in the casein. The total dietary leucine thus contained 1.80 atom 
per cent deuterium and 3.27 atom per cent N™ excess. The calculation 
was based on the leucine determination in casein by Levene and Van 
Slyke (9). 
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cine should be the same as that of the diet. However, in the sam- 
ples isolated from the liver proteins and the carcass protein, the 
ratio (D:N") was different. It had changed to 100:117 in the 
liver and 100:103 in the carcass protein. In addition to dilution 
of the isotopes (by admixture with ordinary leucine), a chemical 
reaction had occurred, by which more than one-third of the marked 
nitrogen in the original leucine was replaced by ordinary nitrogen. 
The fixation of the dietary amino nitrogen in the proteins is thus 
due to at least two chemical reactions, (1) the direct introduction 
of the amino acid, and (2) the transfer of its nitrogen to other 
protein constituents. Both reactions together account for more than 
50 per cent of the nitrogen originally present in the isotopic leucine. 


TaBLe IV 


N® and Deuterium Content of Leucine from Proteins of Rats Given 
l(—)-Leucine (ND) 











Leucine preparation Deuterium Nis Ratio D: N% 
atom per cent | irr Be cont 
eee eee 3.60 | 6.54 | 100:182 
| ra ree ae 
| 0.124 | 100:103 


BOE ORIOIIB. oo cccescecccscnccsees | 0.12 


The deuterium content in the administered leucine mixture 
(added plus that in casein) was 1.8 atom per cent; and that from 
the liver was 0.44 atom per cent. This indicated that at least 24 
per cent of the leucine originally present in the protein of the liver 
had been replaced by dietary leucine. The proteins of the ‘‘carcass”’ 
showed a lower but still significant replacement of leucine (7 per 
cent). As already stated, more than one-third of this deposited 
leucine had lost its original nitrogen and had accepted an equiv- 
alent amount of normal nitrogen in 3 days. 

The isotope determinations in the leucine preparation from 
liver or carcass give only the “dilution’’ of the dietary material 
with leucine from those tissues, but do not indicate the amount 
of dietary leucine which has been deposited. In order to deter- 
mine this it was necessary to know the leucine content of our rats. 
We have determined this in the total proteins of a normal rat kept 
under the same conditions, by a new method, based on the insep- 
arability of ordinary and isotopic leucine (see the experimental 
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part). According to this analysis, 7.7 per cent of the protein 
nitrogen was leucine nitrogen; 7.e., the proteins of our rats con- 
tained 11.5 per cent leucine. From all these data it was possible 
to obtain some insight into the fate of the carbon chain as well as 
of the nitrogen of the leucine after its ingestion. The calculations 
are given in the experimental part. 

The carbon chain and the nitrogen have definitely followed dif- 
ferent pathways. At least 32 per cent of the carbon chain was in- 
troduced as leucine into the proteins of the animals. The rest was 
not recovered; part of it might have been degraded or involved in 
formation of other body constituents. As stated above, 57.5 per 
cent of the isotopic nitrogen was found in the proteins (Table I). 
However, only one-third of this amount was present in the body 
leucine; the remaining two-thirds was present in other amino acids. 

The general distribution of the dietary nitrogen as well as the 
values found for the individual amino acids isolated indicates the 
occurrence of rapid chemical reactions of the constituents of the 
body proteins, and all components so far investigated (with the 
exception of lysine) have taken some share in the processes lead- 
ing to this replacement. 

“Activity” of a-Amino Groups in Other Amino Acids—The three 
glutamic acid preparations, from liver, intestinal wall, and carcass, 
had the highest isotope concentration of all amino acids except 
leucine. Glutamic acid and lysine are in marked contrast from 
the point of view of their ability to act as nitrogen “acceptors.” 
The high activity of glutamic acid is in agreement with our earlier 
experiments (1, 3) and does not seem to be accidental. This ob- 
servation is to be expected if the reactions responsible for the up- 
take of isotope are those found in vitro by Braunstein and Kritz- 
man (8) and von Euler and collaborators (10). Both groups of 
investigators have found glutamic acid to hold a central position 
in such reactions. 

Aspartic acid showed an only slightly lower activity than glu- 
tamic acid, and thus seems to be treated in the animal in a man- 
ner similar to glutamic acid. Analogous results had been ob- 
tained before (1, 3). Both compounds are dispensable amino 
acids, and can be formed from their corresponding a-keto acids 
(ketoglutaric and oxalacetic acid), which are considered to be 
intermediates in carbohydrate metabolism. It is possible that 
the introduction of nitrogen from leucine occurred not only by 
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mere amination and deamination, but also in the course of a more 
fundamental synthesis of these compounds from substances with 
different carbon chains. It is also impossible to decide whether 
the isotope in glycine and tyrosine was introduced during a funda- 
mental synthesis or only by amino shift. 

Arginine—lIt is necessary to determine the position of the la- 
beled nitrogen in this amino acid. In our earlier experiments the 
isotope was found only in the amidine — group, 


while the ornithine part contained normal nitrogen. The ab- 
sence of isotope in the ornithine was unexpected for two reasons: 
(a) Rose (11) has found that growing animals can synthesize some 
arginine, i.e. also ornithine; and (b) we had found earlier (12) 
that mice, when given heavy water to drink, form arginine with 
stably bound deuterium, which must have been located in the 
ornithine. These results show definitely that animals are able to 
carry out reversible chemical reactions involving the carbon chain 
of ornithine. In agreement with the earlier findings the amidine 
nitrogen isolated as urea or as ammonia by degradation of the 
arginine sample contained isotope. The total amount of the 
isotope, however, was not enough to account for all the marked 
nitrogen. We therefore isolated ornithine in the form of diben- 
zoylornithine from the arginine of liver protein and found that it 
also contained marked nitrogen. The sample was too small to 
demonstrate whether it was in the a- or the 6-amino group. 
The result definitely shows that ornithine was involved in a reversible 
biochemical reaction, leading to a replacement of original nitrogen. 
The absence of labeled nitrogen in the ornithine of the earlier 
experiments is still unexplained. 

Lysine—As in previous experiments, neither of the lysine sam- 
ples from liver or intestinal wall contained marked nitrogen. 
This is additional support for our hypothesis (1, 12, 13) that this 
amino acid is not involved in any reversible biological reaction. The 
only biological reaction known to occur with lysine is its complete 
destruction. Lysine is thus unique among the amino acids so 
far investigated.‘ 


‘ Lysine is unreactive only as far as acceptance of nitrogen is concerned. 
As this amino acid can be degraded, it might transfer the liberated nitrogen 
to other compounds. Once the nitrogen is removed, the carbon chain 
cannot be reconverted into lysine. 
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The distribution of isotope in the non-protein nitrogen fractions 
is given in Table V. The isotope is not equally distributed over 
all organs. The values were approximately parallel to the isotope 
concentration in the respective proteins (see Table Il). This may 
indicate that the composition of this fraction is associated with 
the metabolic activity of the organ proteins. We do not know 
whether the isotope content arises from unaltered dietary amino 
acid present in the free state or is due to compounds liberated 











TaBLe V 
N* Concentration in Non-Protein Nitrogen of Organs from Rats Given Isotopic 
l(—)-Leucine 

Organ Total N ; wb ~woe 

millon. | irony, | Samper cont 
Rn Lat sk voce cucachGscn scutes 5.43 4.40 0.081 
Intestinal wall..................... 8.43 10.03 0.119 
RCMB loi 0d Udid td'n § ewe'eie ud 2.00 1.76 0.088 
Skin*.. 37.71 10.18 0.027 
RE RS RE ee 49.86 14.96 0.030 
ella tran appa a A I ene 154.3 57.09 0.037 

BS. Sividsdaidtiena wes Glu os Jacerd Cee 98.42 














* See foot-note to Table II. 


from the organ proteins. Some of the isotope in this fraction has 
been found to be due to isotopic urea.’ Creatine plays a minor 
réle; a sample isolated from muscle contained only 0.008 atom per 
cent N™ excess. 


EXPERIMENTAL 
Resolution of dl-Leucine (ND) into Optical Isomers 

The synthesis of the racemic amino acid containing both isotopes 
has already been described (6). It contained 3.87 atom per cent 
D and 6.70 atom per cent N™ excess. The resolution was carried 
out with the brucine salt of the formyl] derivative by a combina- 
tion of the procedures described by Fischer and Warburg (14) for 
the resolution of leucine and by du Vigneaud and Irish (15) for 
the resolution of y-phenyl-a-aminobutyric acid. 


* Unpublished data. 
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Brucine Salts of Formyl-l(—)- and of Formyl-d(+-)-Leucine—24 
gm. of dl-leucine (ND) in 100 cc. of 98 per cent formic acid were 
heated to 70° and 35 cc. of acetic anhydride were slowly added 
with stirring over half an hour. Heating was continued for 
another half hour. After addition of 200 cc. of water the mix- 
ture was brought to dryness, and the residue dissolved in 150 ce. 
of ethyl acetate and precipitated with petroleum ether. 25.5 
gm. (87 per cent of the theoretical) of formyl-dl-leucine were ob- 
tained, melting at 115-117°. 

The material was dissolved in 2 liters of absolute ethyl alcohol 
and heated after addition of 63 gm. of anhydrous brucine. The 
crystals formed after 24 hours at 0° were washed with 250 cc. of 
cold alcohol. The yield of this insoluble brucine salt of d-formyl- 
leucine was 42.8 gm., or 97 per cent of the theoretical. The 
brucine salt of the / isomer remained in solution. 

“Washing Out” of Contaminating Isotopic Enantiomorphs— 
The separation of the two isomers is known to be incomplete. 
Some d(+)-leucine contaminates the 1(—)-leucine and vice versa, 
and these impurities cannot readily be completely removed by 
recrystallization. For our purposes we have employed the prin- 
ciple of ‘“‘washing out”’ originally developed for work in fat metab- 
olism when it was necessary to remove contaminating isotopic 
fatty acids from other fatty acid species (16). The procedure 
depends on the fact that the isotopic compound is inseparable 
from the normal analogue. It is applicable to all cases in which 
an isotopic contaminant A has to be removed from a substance 
B. While it does not remove A, it replaces isotopic A by normal 
A. Inthe present case, isotopic d(+)-leucine which contaminated 
l(—)-leucine was replaced in the mixture by normal d(+)-leucine. 
This was done by adding to the solution of the crude leucine salt 
a large quantity of the brucine salt of the normal formyl-d(+)- 
leucine. From the mixture the derivative of 1l(—)-leucine was 
isolated as before. This still contained about 6 per cent of the 
d(+) derivative, but the isotope content of this contaminant was 
diluted by the addition of its normal analogue. 

In a trial run the procedure was tested on 100 mg. of the sol- 
uble brucine salt of formyl-l(—)-leucine in 5 cc. of alcohol. To 
this were added 50 mg. of the insoluble brucine salt of ordinary 
(non-isotopic) formyl-d(+)-leucine and the mixture was heated 
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until dissolved. The crystals formed after 24 hours at 0° were 
filtered off and washed. They contained 0.285 atom per cent 
N® excess. 

Brucine contains 2 nitrogen atoms of normal isotope composi- 
tion, which must have diluted the isotope of the leucine salt by a 
factor of 3. In the starting material both the l(—) and the con- 
taminating d(+) component therefore contained 6.70/3 or 2.23 
atom per cent excess N®. From the values one may calculate 
the maximum amount of d isomer which had been present in the 
100 mg. of starting material. The 50 mg. of d-leucine salt added 
were normal and thus contained no N® excess, while the con- 
taminant contained 2.23 atom per cent N™ excess. The pre- 
cipitate (0.285 per cent N® excess) was a representative sample 
of the inseparable mixture of the material added (50 mg.) and 
the contaminant present (x mg.). 2 can be calculated from the 
formula 2.237/(50 + x) = 0.285, and was found to be 6. The 
brucine salt of the original /-leucine was thus contaminated with 
about 6 per cent of the salt of formyl-d-leucine.*® 

The washing out process did not remove contaminating isomers 
but replaced most of the isotopic impurity by the normal analogue. 
In the present case the isotope content of the contaminating d(+-) 
isomer was reduced from 2.34 to not more than 0.285 atom per 
cent N* excess, or } of its original value. After the washing out 
process the isotope content in the contaminating d(+) isomer 
should contain less than 1 per cent (i.e., } of 6 per cent) of the 
total isotope in the mixture, a concentration which could scarcely 
influence the results of a biological experiment. Deuterium was 
not determined, as it must have followed a parallel course. 

The same procedure was employed for the purification of the 
main material, and similar results were obtained: To the alcoholic 
filtrate containing the soluble brucine salt of the isotopic formyl- 
U(—)-leucine 21.0 gm. of the brucine salt of ordinary d-formyl- 
leucine’ were added; the mixture was heated and the precipitate 
obtained after cooling was washed with 250 cc. of absolute alcohol. 
The crystals weighed 21.0 gm. and contained 0.532 atom per cent 


* The principle of this procedure when worked out in further detail can 
be used for the exact determination of contaminants difficult to remove. 

7 Both isomers of ordinary leucine were prepared according to the same 
procedure as their isotopic analogues. 
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N*® excess. For the recovery of free l-leucine the filtrate was 
taken to dryness in vacuo and redissolved in 225 cc. of water; 
85.5 cc. of 1 N NaOH were added with cooling, and the precipitate 
formed was filtered off and washed with 50 cc. of ice-cold water. 
The filtrate was rapidly extracted ten times with 50 cc. portions 
of cold chloroform and once with ether. After the addition of 
sufficient HCl to make the solution 1 N with respect to HCl, it 
was heated for 2 hours on the water bath and brought to dryness 
in vacuo. The residue was taken up in alcohol to remove sodium 
chloride. The leucine hydrochloride was dissolved in a small 
amount of water and brought to pH 6 by addition of sodium car- 
bonate. The precipitate formed was twice recrystallized from 
water. A total of 8.97 gm. of l(—)-leucine, corresponding to an 
over-all yield of 75 per cent, was obtained. 


Analysis—[a]> = +15.5° (3.133% in 20% HCl) 


The substance contained 6.54 atom per cent N™ excess and 3.60 
atom per cent D. 

Feeding Experiments—Four male rats with a combined weight 
of 1222 gm. were kept in separate metabolism cages on a diet con- 
sisting of 15 per cent casein, 68 per cent corn-starch, 5 per cent 
yeast, 4 per cent salt mixture (17), 2 per cent cod liver oil, and 6 
per cent Wesson oil. After 4 days an amount of l(—)-leucine 
corresponding to 1.5 gm. per 100 gm. of this diet was added for 
the following 3 days. During this 3 day period the animals 
consumed 170 gm. of total diet containing 2.55 gm. of isotopic 
leucine. Urine and feces were carefully collected during the ex- 
perimental period. The weight of the animals remained constant 
(1228 gm. at the end of the experiment). They were exsangui- 
nated by heart puncture. 

Investigation of Organs—The livers, kidneys, hearts, spleens, 
testes, parts of the skin and muscles, as well as the remaining 
carcass were each minced and exhaustively extracted with cold 
6 per cent trichloroacetic acid to remove the non-protein nitrogen. 
The intestinal tracts (from the pylorus to the anus) were opened 
with scissors and the contents washed away with water; they were 
then treated as the other organs were. No part of any organ was 
lost. The insoluble materials were hydrolyzed with 20 per cent 
HCI and aliquots taken for total nitrogen determination and 
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N* content. The amount of total nitrogen as well as the isotope 
concentration in the protein of blood and organs is given in Table 
II, and that in the non-protein fractions in Table V. 

Investigation of Excreta—The urines, collected under toluene, 
were combined and a sample taken for the analysis of total nitro- 
gen. Ammonia was obtained by aerating another urine sample 
after addition of carbonate, and urea was isolated as dixanthydryl 
urea.’ The urines contained 3.77 gm. of total N with 0.151 atom 
per cent N* excess, the ammonia contained 0.255 atom per cent 
N*® excess, and the urea 0.159 atom per cent N"™ excess. The 
combined feces of the animals were digested with H,SO, and 
nitrogen was analyzed in an aliquot. It contained 0.528 gm. of 
total nitrogen with 0.068 atom per cent N™ excess. 

Balance of Nitrogen Isotope—aAs practically no loss of material 
was incurred during the preparation of the fractions, it was pos- 
sible to obtain a balance of the nitrogen isotope after feeding the 
isotopic leucine. For the calculation the total amounts of isotope 
found in the protein and non-protein nitrogen of the different 
organs were combined. The balance is given in Table I. 

Fractionation of Blood—The blood obtained by heart puncture 
was immediately centrifuged and the plasma fractionated. The 
cell suspension was once washed with NaCl solution and hemin 
isolated according to Moerner (18). The crystals obtained (33 
mg.) contained 0.009 atom per cent N™ excess, indicating only 
a slight increase of isotope above the normal abundance. 

Isolation of Amino Acids from Proteins of Liver and Intestinal 
Wall—The proteins of the livers (833 mg. of N) and the proteins 
of the walls of the intestinal tracts (691 mg. of N) were hydrolyzed 
with hydrochloric acid. The liver yielded 1.07 gm. and the 
intestinal walls 0.81 gm. of purified arginine flavianate. For 
the isotope analysis 200 mg. were suspended in strong HCl and 
flavianic acid removed by extraction with butyl alcohol. Samples 
of both arginine preparations were treated with arginase,’ the 
liberated urea precipitated with xanthydrol, and the precipitates 
washed with water. The samples of dixanthydryl urea were 


* The authors are indebted to Dr. Samuel Graff for the fractionation of 
the urine. 

* The authors are indebted to Dr. Samuel Graff for the enzymatic degra- 
dation and isolation of urea. 








718 Protein Metabolism. X 


analyzed for isotope. The isotope content in the urea nitrogen 
was not twice as high as that in the original arginine; 7.e., did not 
account for all the isotope of the arginine. Some of the isotope 
must thus have been located in the ornithine. 

Another sample of arginine from liver was split with alkali, 
and ammonia and ornithine were isolated. The nitrogen of the 
ammonia should contain the same isotope concentration as that 
of the urea liberated by arginase. The arginine solution from 
733 mg. of flavianate isolated from liver was dried in vacuo to 
remove excess HCl. The residue containing 59.4 mg. of nitrogen 
was dissolved in 45 cc. of water; 20 gm. of Ba(OH).-8H,O were 
added and the solution refluxed for 15 hours in a slow stream of 
nitrogen. The liberated ammonia was passed into dilute sulfuric 
acid. The amounts of ammonia obtained at different time inter- 
vals were measured by titration and the isotope content of three 
samples was found to be 0.082, 0.081, and 0.078, averaging 0.080 
atom per cent N”. This is in excellent agreement with the value 
obtained for the nitrogen in the urea liberated by arginase (0.077 
atom per cent). The degradation with Ba(OH): was practically 
complete, as a total of 27.98 mg. of ammonia, or 94 per cent of 
the theoretical, was recovered. 

The reaction mixture was freed of barium, acidified with HCl, 
and evaporated to dryness in vacuo. The ornithine dihydro- 
chloride was dissolved in alcohol and the monohydrochloride 
precipitated with pyridine. After two precipitations from water 
with alcohol, it yielded 81 mg. of crystalline material. This was 
benzoylated ; the product after two recrystallizations from acetone 
yielded 108 mg. of dibenzoylornithine, melting sharply at 181°. 
Nitrogen, found 8.30 per cent; calculated 8.24. The isotope con- 
centrations in all fractions of the arginine samples are given in 
Table VI. 

The hydrolysates after removal of arginine were freed of excess 
flavianic acid and chloride; the volume was brought to 25 ce. 
and after 48 hours at 0° the crystals of tyrosine were filtered off 
and twice recrystallized from hot water. From the liver protein 
55 mg. were obtained (N Kjeldahl, found 7.60 per cent) and from 
the intestinal tract, 25 mg. (N Kjeldahl, found 7.67 per cent; 
calculated 7.74 per cent). The filtrate from the crude tyrosine 
was made alkaline to phenolphthalein with Ba(OH), and the 
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ammonia representing amide nitrogen aspirated into dilute H,SQ,. 
19.7 mg. of ammonia nitrogen were obtained from the liver protein 
and 24.7 mg. from the intestinal protein. To the residual alkaline 
solutions containing an excess of Ba(OH): (volume 40 to 45 cc.) 
were added 4 volumes of alcohol. The barium salts of the di- 
carboxylic acids were reprecipitated with alcohol, barium was 
removed, and glutamic acid was isolated as the hydrochloride 
and twice recrystallized. 146 mg. were obtained from the liver 
protein and 226 mg. from the intestinal tract. From liver, 
N Kjeldahl, found 7.54 per cent; from intestines, 7.56; calcu- 
lated 7.63. 

Aspartic acid was isolated from the mother liquor of glutamic 
acid hydrochloride as the copper salt. The product from the 
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Isotope Concentration in Liver Arginine and Its Decomposition Products, 
after Feeding Isotopic Leucine 


N4 concentration 


Substance 
net fs: atom por cont excess 
NIE aegis, SLY ee = 0.058 
Urea (by action of arginase) ne 0.077 
Ammonia (by action of Ba(OH),)......... i 0.080 
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intestinal tract was dried in vacuo at 120°; N Kjeldahl, found 7.12 
per cent; calculated 7.18. The material from the liver was con- 
verted into the free amino acid and 380 mg. were obtained; N 
Kjeldahl, found 10.49 per cent; calculated 10.53. 
Leucine—Barium was removed from the mother liquor of the 
dicarboxylic acids and the concentrated solution boiled with an 
excess of copper carbonate. After standing 24 hours insoluble 
material (Precipitate A) was filtered off and washed exhaustively 
with cold water. The filtrate and washings were combined, 
brought to dryness, and the residue extracted with water and 
methyl alcohol. The extracted material was combined with 
Precipitate A and the amino acid liberated from copper was again 
precipitated as the copper salt by treatment with copper car- 
bonate. After extraction of the copper salts with water and 
methyl alcohol, copper was again removed and the free amino acid 
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crystallized from a very small volume of water. Both prepara- 
tions crystallized as shiny plates. From the liver protein 57.5 
mg. of leucine were obtained. 7.140 mg. were used for the nitro- 
gen determination by the Kjeldahl procedure; N found 10.47 
per cent; calculated 10.68. The sample of ammonia, after titra- 
tion, was used for the mass spectrometric determination of N®. 
The remainder, 50.36 mg., was used for the deuterium analysis. 

The amount of leucine obtained from the intestinal wall (13.5 
mg.) was only sufficient for a determination of total nitrogen and 
N; N Kjeldahl, found 10.10 per cent; the samples obtained 
were too small to determine further the purity of this leucine. 
The values obtained in the isotope determination are included in 
Table IV. 

Lysine—Copper was removed from the copper salts soluble in 
water; the lysine and histidine were precipitated by addition of 
phosphotungstic acid to the acidified solution. The precipitate 
formed was decomposed by extraction, after acidification, with 
a mixture of butyl alcohol and ether (1:1). Histidine was re- 
moved from the aqueous layer by precipitation with HgCl: at 
pH7.0. After removal of mercury the mother liquor was brought 
to dryness, redissolved in a small amount of alcohol, and crude 
lysine monohydrochloride was precipitated with pyridine. It was 
twice recrystallized from aqueous alcohol. For final purification 
both lysine samples (280 mg. from liver and 39 mg. from intestine) 
were converted into dibenzoyllysine in a manner analogous to 
that described for dibenzoylornithine. The samples obtained 
were once recrystallized from aqueous alcohol and twice from 
acetone. 147 mg. were obtained from liver and 27 mg. from the 
intestinal tract, both melting sharply at 150°. 

Glycine—After removing phosphotungstic acid from the mother 
liquors, it was brought to dryness and the residue redissolved in 
20 ec. of water. Glycine was precipitated as the trioxalato- 
chromiate complex (19), the products were benzoylated, and the 
resulting hippuric acids twice recrystallized from water. Both 
samples melted at 190°, corrected. 

Isolation of Compounds from Carcass Proteins—The eviscerated 
carcasses were exhaustively extracted with 6 per cent trichloro- 
acetic acid and creatine isolated as creatinine picrate, as described 
before (13). It contained 0.008 atom per cent N™. The ex- 
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tracted material was hydrolyzed and tyrosine, arginine, glutamic 
acid, and aspartic acid were isolated as described for liver and 
intestinal tract. Glutamic acid hydrochloride, N Kjeldahl, found 
7.70 per cent; calculated 7.63. Aspartic acid, found 10.43 per 
cent; calculated 10.53. Tyrosine, found 7.70 per cent; calcu- 
lated 7.74. 

Isolation of Leucine from Carcass Proteins--No attempt was 
made to isol«+e a large quantity of this amino acid. A modifica- 
tion of the method of Brazier (20) was employed. After removal 
of arginine, tyrosine, and dicarboxylic acids, the neutral solution 
was boiled for half an hour with an excess of copper carbonate. 
The excess copper carbonate was filtered off from the solution 
while hot, washed with boiling water, and discarded. The filtrate 
was brought to dryness and completely dehydrated by boiling 
with several portions of acetone. The dry and powdered copper 
salts were extracted by shaking four times for 3 hours each with 
200 cc. portions of water, when no more copper salt dissolved. 
This was followed by three extractions with 150 cc. portions of 
methyl alcohol. Copper was removed from the insoluble residue 
with H,S, and the solution was brought to dryness. As it was 
not possible to obtain pure leucine by fractionation of this crude 
residue, the material was again converted into the copper salt. 
Repeated extraction with water and methyl alcohol removed more 
soluble copper salts. The insoluble residue was again decomposed 
with H.S and a total of 8 gm. of crude amino acid was obtained. 
This was fractionated from water and the nitrogen content as 
well as the N“ concentration was employed as indication of purity. 
During the removal of impurities, the isotope content of the 
leucine should increase, for in the present experiment leucine 
should have a higher isotope content than the other contam- 
inating amino acids. 

A top fraction of about 1 gm., containing some tyrosine, was 
discarded. A second fraction, 2.33 gm., containing 0.123 atom 
per cent N excess was divided into four fractions. The first 
two fractions (Fraction A, 1.15 gm., N 10.60 per cent, N™ 0.123 
atom per cent N" excess; Fraction B, 0.74 gm., N 10.60 per cent, 
N* 0.125 atom per cent excess) were combined and twice recrystal- 
lized from large volumes of water. 602 mg. of substance were 
finally obtained, containing 0.124 atom per cent N™ excess and 
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0.12 + 0.01 atom per cent deuterium. The total nitrogen content 
and its isotope concentration thus did not change during the 
last steps of purification. 

The substance contained 1.95 per cent sulfur, indicating an 
admixture with 9.1 per cent methionine, which is known to be an 
impurity difficult to remove (21) from leucine of natural sources. 
We have not attempted a further purification to avoid loss of 
material. The elementary analysis checks well for a mixture of 
leucine with 9.1 per cent methionine. 


Calculated. N 10.56, C 53.58, H 9.76, 8 1.95 
Found. “ 10.63, “ 53.32, “* 9.48, “1.95 
[a]5, found, +16.6° (3.90% in 20% HCl) 


Determination of Leucine in Protein of a Rat—The only method 
for the quantitative determination of this amino acid in protein, 
employed so far, is its quantitative isolation. This is a highly 
laborious method and not applicable to all proteins. It is difficult 
to judge the error involved in this procedure. We have deter- 
mined the leucine content in the protein of a normal rat by adding 
to the hydrolysate a known amount of isotopic /(—)-leucine. 
A sample of leucine in turn was isolated from the mixture and its 
isotope content determined. The isotope dilution factor (ratio 
of N® concentrations of added and isolated leucine) is a measure 
of the leucine content of the protein investigated, since the material 
isolated is a representative sample of the inseparable mixture of 
the isotopic leucine added with the normal leucine present.'° 

A normal male rat (292 gm.) was killed, the intestinal tract 
was removed, opened, and its content carefully removed by wash- 
ing with warm water. The cleaned wall of the intestinal tract 
was worked up together with the remaining carcass. The material 
was passed through a meat grinder and extracted four times with 
cold trichloroacetic acid, followed by continuous extraction with 
boiling acetone, alcohol, and ether. The dried material was 
hydrolyzed for 40 hours with 20 per cent H,SO,. The hydrolysate 
contained a total of 7.50 gm. (535.7 milliequivalents) of nitrogen. 


10 This new analytical procedure is at present employed in collaboration 
with G. L. Foster for the determination of various amino acids in pure 
proteins, of fatty acids in fats, etc. The principle as well as the general 
procedure will be described later in detail. 
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To the hydrolysate were added 254.0 mg. of I(—)-leucine (1.94 
milliequivalents) containing 6.54 atom per cent N™ excess. The 
substance isolated contained 0.294 atom per cent N™ excess and 
the substance added (1.94 milliequivalents) contained 6.54 atom 
per cent N”® excess. The amount of leucine present in the body 
protein may therefore be calculated from the expression 
((6.54/0.294) — 1) X 1.94. This was found to be 41.1 milliequiva- 
lents and corresponds to 7.7 per cent leucine N in the total protein 
N, or 11.5 per cent leucine in the protein. 

Calculation of Deposition of Leucine—As was shown above, 7.7 
per cent of the total protein N (33.3 gm. or 2381 milliequivalents) 
is leucine N, which corresponds to 24.0 gm. or 183.3 milliequiva- 
lents of leucine in these four rats. The deuterium content of the 
leucine isolated from the carcass was 0.12 atom per cent. We 
assume, in this calculation, that this value represents the average 
deuterium content of the leucine of the entire animal. It must 
be close to the actual value, as by far the greater bulk of the 
leucine is in the carcass. The animals consumed 2.55 gm. (19.5 
milliequivalents) of isotopic leucine containing 3.60 atom per 
cent D in addition to the same amount of ordinary leucine present 
in the casein; 7.e., a total of 5.10 gm. (39.0 milliequivalents) of 
leucine containing 1.8 atom per cent D. This material has been 
“diluted” 15 times by normal leucine in the proteins (from 1.8 
atom per cent D to 0.12 atom per cent). One-fifteenth or 1.6 
gm. (12.2 milliequivalents) of the body leucine must therefore 
have been of dietary origin. In other words, 31 per cent of the 
total dietary leucine has been deposited (12.2 K 100)/39.0 = 31 
per cent. This is a minimum value, as the calculation assumes 
that none of the deuterium has been removed from the carbon 
skeleton of leucine. 

Deposition of N* in Body Leucine and Other Amino Acids—57.5 
per cent of the ingested isotopic leucine nitrogen was found in 
the body protein (Table I). This corresponds to 0.725 milli- 
equivalent of N“. Since 7.7 per cent of the body protein nitrogen 
was leucine nitrogen and there were 2381 milliequivalents of 
total protein nitrogen in the body, 183.3 milliequivalents were 
total leucine nitrogen. This total leucine contained 0.124 atom 
per cent N™ (Table IV) or 0.227 milliequivalent of N“, which 
is 31 per cent of the N® present in the total protein. The rest, 
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69 per cent of the N* retained in the protein, must therefore have 
been transferred to other amino acids. 

We have disregarded in our calculation the presence of methi- 
onine as an impurity in both leucine samples isolated. If correc- 
tion were made, the total amount of leucine in the carcass of the 
rat would be about 9 per cent lower, while that for the per cent 
replacement of leucine in the proteins of our experimental animals 
would be 9 per cent higher. As both corrections offset each other, 
the value for deposition of dietary leucine is scarcely affected. 
This impurity has practically no effect on the value for the ratio 
of the two isotopes (D:N*) in the leucine deposited. 


DISCUSSION 


The chemical reactions of tissue proteins observed in this and 
in earlier investigations were certainly not due to abnormal dietary 
conditions. All our animals had been kept on the same stock diet 
and this varied only in regard to the addition of the tracer com- 
pound which, in all these experiments, contained only 23 mg. of 
nitrogen per day. As the composition of ordinary diets varies 
within considerably greater limits, all our diets may justifiably 
be regarded as perfectly normal. The animals neither lost nor 
gained weight and therefore remained in nitrogen and energy 
balance. The quantity and composition of their tissue con- 
stituents must also have stayed practically constant. The uptake 
of isotope is thus due to reactions which normally take place and 
do not lead to changes in tissue composition. The extent of 
these reactions probably depends upon the amount and the com- 
position of the foods and on other factors. The results of our 
first experiments when ammonia was given to partially fasted 
rats (13) indicate that the reactions occur even in the absence of 
protein intake and proceed spontaneously. 

Retention of Dietary Nitrogen in Body Proteins—In the present 
3 day experiment with 1/(—)-leucine, 57 per cent of the adminis- 
tered marked nitrogen was retained in the proteins. The extent 
of retention is certainly a function of the duration of the experi- 
ments. The longer the feeding experiment, the smaller the 
relative amount retained in the proteins, for part of the nitrogen 
originally introduced will subsequently be liberated for excretion. 
The original retention of leucine nitrogen must thus have been 
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higher. In order to determine the actual amount deposited, it 
would be necessary to administer the labeled amino acid in a 
single meal. 

The introduction of dietary nitrogen into tissue proteins is due 
to two general chemical processes: A small amount enters by 
direct replacement of amino acids; the bulk finds its way into the 
proteins by becoming involved in a variety of chemical changes 
which occur spontaneously at various nitrogenous groupings of 
proteins. Some of these reactions connote the successive opening 
and closing of peptide linkages. 

Direct Replacement of Amino Acids in Tissue Proteins—Accord- 
ing to modern ideas, the various amino acids are located at definite 
places in the protein molecule (22). A change of pattern by the 
translocation of amino acids should lead to a change in the general 
properties of the protein. The pattern of the tissue proteins of 
our animals certainly did not change. If a new amino acid such 
as leucine is introduced into the protein, it can enter only a place 
already occupied by the same species of amino acid (leucine) 
and no other. The opportunities for mere replacement processes 
are thus limited by the number of the respective kinds of amino 
acids in the proteins as well as by their location. This may be 
one reason why only a fraction of the administered leucine was 
found in the proteins. 

The replacement of an amino acid in the protein requires the 
removal of an identical amino acid from the protein linkage prior 
to the introduction of the new molecule. The process may be 
regarded as occurring in at least two stages. The first must 
involve the opening of peptide linkages for the liberation of the 
amino acid, and the second stage the introduction of amino acids 
with the closing of peptide linkages. 

It must be assumed that in the second stage not only the dietary 
amino acid, but a mixture of it with the amino acid liberated, is 
incorporated. In our experiments we have determined only the 
amount of dietary amino acid finally introduced and not the 
number of amino acids which were temporarily removed from the 
proteins. This number must of course have been much higher. 

A complete replacement of the leucine in the body proteins by 
dietary leucine could not have been attained. The four animals 
had received a total of 5.10 gm. of leucine with their diet and 
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contained about 24 gm. of leucine in their proteins. If all this 
protein leucine had been liberated and completely mixed with 
the incoming dietary leucine, not more than about 20 per cent of 
the animal’s total leucine could have shown the isotope markers, 
Actually, more than 7 percent of the leucine of the total animals 
was marked." 

There are two general reactions possible which might lead to 
amino acid replacement: (1) complete breakdown of the proteins 
into its units followed by resynthesis or (2) only partial replace- 
ment of units. Metabolic studies with isotopes indicate only 
end-results but not intermediate steps of a reaction. We have 
no indication as to what had happened to the protein molecule in 
the animals. Both reactions are conceivable. The second type, 
replacement of units, has been shown by Bergmann and collab- 
orators (24) to occur in vitro under the action of proteolytic enzymes 
on polypeptides and the occurrence in vivo of these reactions has 
been postulated. 

Shift of a-Nitrogen—The replacement of amino acid units 
is not the only reaction observed that requires temporary opening 
of peptide linkages. The shift of nitrogen necessitates the same 
event. This shift must also occur in several stages, as the a-amino 
nitrogen of amino acids in peptides is bound to 2 carbon atoms. 
The necessary steps in the shift are (1) cleavage of peptide bonds, 
(2) detachment of nitrogen from the a-carbon atom, (3) attach- 
ment of new nitrogen, and (4) closing of peptide linkage. 

As stated above, the isotope technique shows only metabolic 
end-results but does not necessarily reveal the nature of inter- 
mediate steps. While our findings definitely indicate the occur- 


11 In our earlier 10 day experiment with dl-tyrosine marked only by 
isotopic nitrogen, the replacement was found to be 24 per cent in the liver 
and 7 per cent in the total carcass. Ussing (23) has followed for 3 days the 
introduction into the proteins of amino acids marked with deuterium only 
at the a-carbon atom. He found 10 per cent in the liver and 2.5 per cent in 
the total carcass. The values found by Ussing as well as by us in our tyro- 
sine experiment are certainly minimal values. We have shown that other 
processes affecting the a-carbon atom occur spontaneously, namely deami- 
nation and amination. By these processes both marked atoms (N" and 
deuterium) attached to this carbon are replaced by their normal analogues. 
For the study of replacement processes it is thus necessary to employ amino 
acids with a label in the side chain, as in the present experiment. 
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rence of extensive nitrogen shifts, the mechanism responsible 
for detachments and introduction of nitrogen are not made 
apparent. 

Removal and introduction of new nitrogen might have occurred 
in some amino acids in the course of their complete degradation 
and resynthesis. This might have happened with the dispensable 
amino acids (glycine, tyrosine, glutamic acid, aspartic acid, etc.) 
but not with the indispensable ones, such as leucine and the 
histidine of our earlier experiment (2). In these two amino acids 
only a shift of the a-nitrogen had occurred without new synthesis 
of the carbon chain. Another indispensable amino acid, lysine, 
is not involved at all. It is improbable that all nitrogen shifts 
in dispensable acids were associated only with degradation and 
fundamental synthesis of the carbon chain but more likely that 
the main reaction was the same for all compounds. 

Several reactions have been discussed in the literature which 
might have been steps in the transfer of a-nitrogen in our animals. 
All authors formulate the first step as involving deamination to 
the a-keto acid. Ammonia liberated by this reaction is assumed 
to form imino acids with other keto acid molecules and these in 
turn are hydrogenated to amino acids. The first step (degrada- 
tion to keto acids) has been established by Krebs (25) in 
experiments with tissue slices, and the second (reductive ami- 
nation) has been demonstrated by von Euler and collaborators 
(10) for the enzymatic conversion of a-ketoglutaric acid to glu- 
tamic acid. The enzyme found by these investigators is specific 
for only this system. A similar reaction is that proposed by 
Knoop (26) and by du Vigneaud and Irish (15) in which pyruvic 
acid acts as the hydrogen donor with the formation of acetyl 
amino acids as intermediates. Another mechanism discussed 
before is the transamination of Braunstein and Kritzman (8), 
according to which glutamic or aspartic acid confers its nitrogen 
directly to a-keto acids without ammonia being an intermediate. 
The high metabolic activity of the nitrogen in glutamic and 
aspartic acids in all experiments in which isotopic ammonia or 
amino acid was fed might be taken as an indication of the oc- 
currence of such transamination. However, other reactions can 
also have occurred. 

Table III shows that different amino acids vary widely in their 
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“activity” in regard to the uptake of leucine nitrogen. Leucine’ 


nitrogen can only have been a small fraction of all the nitrogen 
liberated and fixed. Many more amino groups must have changed 
their places than those whose transfer was made apparent by 
their isotope content. 

In the case of only one amino acid (leucine) was it possible to 
determine the number of molecules which had yielded and in turn 
accepted nitrogen: at least 35 per cent of all deposited leucine 
molecules had exchanged their nitrogen. This is probably not 
the most reactive amino acid in the animal organism and it is 
highly probable that others such as glutamic and aspartic acids 
had yielded and accepted considerably more. 

Réle of Glutamic Acid in Nitrogen Transfer—The high reactivity 
of glutamic acid becomes more striking if one considers the large 
amounts of normal, non-isotopic glutamic acid which had con- 
tinuously entered the organism; glutamic acid was the most 
abundant amino acid (20 per cent in casein) of our diet. The 
continuous influx of normal glutamic acid should have decreased 
the isotope content of the same amino acid in the proteins. 

The concentration of isotope in the glutamic acid from liver and 
intestinal wall (0.121 atom per cent excess in liver and 0.194 in 
intestinal wall) was about as high as that in the urine (0.151). 
The urinary nitrogen may be considered to be a representative of 
the mixture of all the nitrogen metabolized. Our earlier experi- 
ments as well as those here reported support this view. This finding 
makes it seem probable that within this short period most of the 
glutamic acid molecules of the proteins had already ‘‘exchanged” 
their nitrogen with that resulting from all other amino acids. 

As mentioned, the transfer of a nitrogen atom from one amino 
acid to another requires successive opening and closing of at least 
two peptide bonds. The observed extent of nitrogen shift is 
another indication of a high metabolic lability of peptide linkages 
in proteins. 

Amide Nitrogen—The rdle played by the amide groups in 
the fixation of dietary nitrogen cannot have been great, as the 
total amount of amide nitrogen is small in comparison with other 
protein nitrogen, especially that of the a-amino groups. The 
amide nitrogen is known to be located in the protein molecule at 
the terminal carboxyl groups of glutamic and aspartic acids. 
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From laboratory experience the amide nitrogen would be expected 
to be more reactive than the carbon-bound nitrogen of the a-amino 
group in the same amino acids. This, however, is not necessarily 
the case in the living animal. In our amino acid experiments 
the amide nitrogen had a lower isotope concentration than that 
of the a-amino groups of the dicarboxylic acids. 

Amidine Nitrogen of Arginine—The significance of the presence 
of isotope in the amidine group of arginine with respect to the 
theory of the “ornithine’’ cycle has been discussed before (1, 13). 
In the present as well as in the earlier experiments, the arginine 
had been isolated from protein. Arginase does not act on arginine 
while the amino acid is in protein linkage. If the isotopic amidine 
nitrogen were introduced in the course of urea formation, as formu- 
lated by Krebs and Henseleit (27), the arginine must have been 
in the free state, at least at the instant when arginase acted upon 
it. It has been pointed out before that many other reactions ob- 
served by us connote a continuous liberation of amino acids from 
the proteins. The presence of high concentrations of isotope in 
the amidine group can thus easily be explained on the basis of 
the Krebs theory; i.e., that the arginine from proteins has been 
involved in the urea formation while it was in the free state. The 
arginine present in protein, like all other amino acids, is “‘po- 
tentially”’ free and can take over the function of an intermediate 
in urea formation at its moments of freedom. 

Metabolic Mixture of Nitrogen—According to the prevalent view 
of the fate of dietary protein, distinction is generally made be- 
tween exogenous and endogenous sources of urinary nitrogen. 
“Exogenous metabolism is the metabolism of all protein ingested 
in excess of that required by the tissues for maintenance and 
growth. Endogenous metabolism, on the other hand, usually 
refers to the metabolism which produces as end-products creat- 
inine, neutral sulfur, and the parts of urea and uric acid not derived 
from the food” (Bodansky (28)). This conception, although 
challenged or modified in respect to the fate of certain compounds 
(ef. Mitchell and Hamilton (29)), has never been definitely proved 
or disproved by unequivocal experimental results. 

It is scarcely possible to reconcile our findings with any theory 
which requires a distinction between these two types of nitrogen. It 
has been shown that nitrogenous groupings of tissue proteins are 
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constantly involved in chemical reactions; peptide linkages open, the 
amino acids liberated mix with others of the same species of whatever 
source, diet, or tissue. This mixture of amino acid molecules, while 
in the free state, takes part in a variety of chemical reactions: some 
reenter directly into vacant positions left open by the rupture of 
peptide linkages; others transfer their nitrogen to deaminated mole- 
cules to form new amino acids. These in turn continuously enter 
the same chemical cycles which render the source of the nitrogen 
indistinguishable. Some body constituents like glutamic and aspartic 
acids and some proteins like those of liver, serum, and other organs 
are more actively involved than others in this general metabolic mixing 
process. The excreted nitrogen may be considered as a part of the 
metabolic pool originating from interaction of dietary nitrogen with 
the relatively large quantities of reactive tissue nitrogen. 


SUMMARY 


1. Four adult, non-growing rats were kept on an ordinary stock 
diet containing casein to which was added, during the last 3 days, 
an amount of isotopic leucine corresponding to 23 mg. of nitrogen 
per day. The leucine had been synthesized in such a manner 
that the carbon chain was marked by heavy hydrogen and the 
amino group by heavy nitrogen. The racemic material was 
resolved and only the “natural” isomer, /(—)-leucine, was used. 
The animals maintained a constant weight during the entire 
experiment. 

2. The material was excellently absorbed, but less than one- 
third of the marked nitrogen appeared in the urine; the bulk 
(57 per cent) had replaced nitrogen of the body proteins and only 
a small amount (8 per cent) was present in the non-protein frac- 
tion. The proteins of blood and various organs revealed different 
activities in regard to the “acceptance”’ of leucine nitrogen. The 
isotope concentration in the nitrogen of the serum was highest, 
that of the internal organs was slightly less, while that of muscle 
and skin was relatively low. Nevertheless, owing to their large 
size, the last two tissues had the greatest share in the uptake of 
dietary nitrogen. 

3. From the proteins of liver, intestinal wall, and the rest of 
the body a total of twenty-two amino acid samples was isolated. 
Their isotope content showed that various chemical processes 
take place continuously in the proteins of normal animals. 
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4. The presence of deuterium and N*® in the leucine from the 
proteins indicated extensive replacement of amino acids by the 
same species derived from the diet. The process requires con- 
tinuous opening and closing of peptide linkages. At least 32 per 
cent of the dietary leucine had found its way into the proteins 
by this reaction, leading to a replacement of 24 per cent of liver 
leucine and 7 per cent of carcass leucine. As the process of re- 
moval and introduction must also lead to the reincorporation of 
leucine from tissue proteins, the extent of the actual replacement 
must have been considerably higher. 

5. a-Nitrogen atoms of amino acids have been transferred to 
other amino acids, leading to a distribution of isotopic nitrogen 
among all amino acids except lysine. Apart from leucine, 
glutamic and aspartic acids had the highest isotope content. 
The transfer process also involves a temporary opening of 
peptide linkages. Amide nitrogen is also continuously replaced. 

6. The presence of isotope in the amidine group of arginine 
from protein suggests that this amino acid, even though it exists 
in protein linkage, is available for urea formation by the Krebs 
cycle. 

7. Ornithine isolated from arginine contained isotope, indicating 
that the former like most other amino acids was involved in a 
chemical process (synthesis and destruction or nitrogen shift). 

8. Only one-third of the isotopic nitrogen in the body proteins 
had entered directly with the carbon chain of the ingested leucine; 
the remaining two-thirds was deposited as a result of continuous 
nitrogen transfers from one amino acid to others. 

9. Deuterium and N*® determinations of leucine from body 
proteins indicate that this indispensable amino acid, like histidine, 
not only yields nitrogen but also accepts it from other amino acids; 
at least one-third of the isotope in the leucine was replaced by 
ordinary nitrogen in the latter process. 

10. These results, in conjunction with earlier findings, demon- 
strate that these continuous chemical processes occur extensively 
in the tissue proteins, even under conditions of nitrogen balance. 
The dietary nitrogen enters the pool of these spontaneous reactions 
which tend to the ultimate replacement of protein nitrogen. The 
urinary nitrogen represents a sample of the metabolic mixture 
originating from the chemical interaction of the dietary nitrogen 
with the relatively large amounts of reactive tissue nitrogen. 
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POLAROGRAPHIC MICRODETERMINATION OF CYSTINE 
IN PROTEIN HYDROLYSATES* 


By ADOLPH STERN, ELIOT F. BEACH, anv ICIE G. MACY 
(From the Research Laboratory of the Children’s Fund of Michigan, Detroit) 


(Received for publication, July 24, 1939) 


A variety of methods for the analysis of the cystine content of 
proteins are available at the present time. There are, however, 
many instances in which the commonly used methods are difficult 
if not impossible to apply. Therefore new methods of analysis for 
this amino acid should find use not only in proving the validity of 
the several methods but also in cases in which other methods yield 
uncertain results. 

The Heyrovsky polarograph which has been used for the analysis 
of a great variety of organic as well as inorganic substances has 
been employed by Brdicka (1) in the determination of cystine. 
Details of the construction of this versatile instrument are exten- 
sively reviewed by Kolthoff and Lingane (2). 

Brdicka (1) has shown that, in a solution of ammonium chloride, 
ammonia, and cobaltous chloride, only proteins containing cystine 
give the polarographic reaction described by Heyrovsky and 
Babricka (3). Brdicka (4) also found that cysteine and other 
thio acids such as thioglycolic acid and cysteinylglycine (disulfidic 
and thiolic) give the catalytic effect. The effect, being extraor- 
dinarily sensitive and highly characteristic for sulfhydryl groups, 
can be employed for quantitative determinations of these thio 
acids with the Heyrovsky polarograph. 

According to Brdicka (1) cystine is reduced to 2 molecules of 
cysteine before the potential of the catalytic wave is reached 
according to the equation, R—S—S—R + 2H+ = 2R—SH + 20; 
therefore, with cystine, the catalytic wave has twice the height of 

* This paper was presented before the Division of Biological Chemistry 


at the Ninety-seventh annual meeting of the American Chemical Society 
at Baltimore, April 3-7, 1939. 
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that of cysteine in equimolar concentrations. The reduced cys- 
teine (or thio acid molecule) reacts with cobaltous ions in the 
vicinity of the mercury cathode and thus attains the necessary 
activation. Only hydrogen can be responsible for the increase in 
current intensity which produces the catalytic wave. The over- 
voltage of the hydrogen at the dropping mercury cathode, caused 
by cysteine or other thio acids in the presence of cobaltous ions, 
is enormously decreased owing to the formation by cysteine of 
internal complex compounds with cobalt. Through this coordina- 
tive linkage with cobalt and also by adsorption on the mercury 
surface the sulfhydryl group is converted into a strong dipole; 
thus, the obtained increase in the distance between hydrogen ion 
and sulfur radical increases the activity, and the hydrogen ion in 
the electrical field of the interface is split off at a smaller potential 
gradient. The hydrogen of the sulfhydryl group is immediately 
replaced by hydrogen from water and the process can continue 
further. The negatively charged radical R—S~ reacts with water 
according to the equation, R—S- + H.O@R—SH + OH-, so 
that new sulfhydryl groups are supplied continuously to the 
cathode interface. The OH~ ions have to be removed by means 
of NH,* ions (NH,t + OH- = NH; + H,() or a similar buffer 
solution by which the reaction equilibrium is displaced to the right 
of the above equation. It is thereby possible to obtain much 
stronger current than would correspond to the actual concentration 
of the sulfhydryl groups present. Thus, the catalytic effect con- 
sists of a catalytic separation of hydrogen from water by means of 
the cobalt complex compound of cysteine. This makes it possible 
to determine cystine or cysteine with the polarographic micro- 
method. 

Brdicka (5) carried out quantitative determinations of cystine 
and cysteine in pure solutions and also in hydrolysates of wool, 
human hair, and certain albumins and globins. The data are in 
good agreement with those obtained by other authors using chemi- 
cal methods. The same author (6) has shown recently that the 
wave heights of the current voltage curves of certain cancer sera 
are 3 to 50 per cent lower than those of normal sera under the same 
conditions, indicating a variation in activity of the sulfhydryl 
groups in cancer sera and a possible method of differentiating 
cancer from normal sera by determining the active sulfhydryl 
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groups. Polarographic determinations of cystine in some biologi- 
eal substances were carried out by Rosenthal (7) who could not 
detect any wave in casein and found that in casein hydrolysates 
the wave heights were very low compared with those of pure 
cystine solutions, owing to the depression of the wave heights of 
cystine by the presence of amino acids such as arginine, histidine, 
tryptophane, and phenylalanine, previously reported by Sladek 
and Lipschuetz (8). 

In addition to cystine and cysteine most proteins contain one 
other sulfur-containing amino acid, methionine, making it neces- 
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Fic. 1. Current voltage curves. Curve A, 3 X 10~* gm. of methionine in 
25 cc. of solution with a concentration of 0.1 Nn NH,Cl, 0.1 N NHs, and 10-*m 
CoCl,. Curve B, cystine in the same solution. Curve C, the same 
amounts of cystine and methionine together in the same solution. 


sary to determine any polarographic effect of methionine and any 
interference with the determination of cystine or cysteine produced 
by its presence. Brdicka (1) showed that after addition of mono- 
iodoacetic acid to a solution of cystine or cysteine the catalytic 
wave disappeared because the sulfhydryl group is blocked 
(R—S—CH,COO-), eliminating the conditions necessary for the 
catalytic effect mentioned. 

Determinations made in this laboratory show that methionine 
does not produce any wave in pure solutions of ammonium chlo- 
ride, ammonia, and cobaltous chloride, or in the same solutions to 
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which hydrolysates of proteins have been added (Fig. 1). The 
absence of a catalytic wave in solutions of methionine, ammonium 
chloride, ammonia, and cobaltous chloride is understandable, 
because the sulfhydryl group is blocked by a methyl group. This 
attests the validity of Brdicka’s explanation of the effect of sub- 
stitution on the sulfhydryl group. Also, it was ascertained that 
methionine does not significantly influence the current voltage 
curves of cystine or cysteine in either of the same solutions unless 
the concentration of methionine in the solution is extremely high 
in comparison to the concentration of cystine. 

Polarographic determinations of the cystine content of protein 
hydrolysates were carried out with special modifications. To 
prove the validity of applying this micromethod for determination 
of cystine to proteins in general, casein and edestin of well known 
cystine content were used. In the present work it has been found 
that the determination of cystine in hydrolysates of edestin and 
casein can be accurately performed by the polarographic method 
when @ special type of calibration is employed. 


Determination of Calibration Curve for Protein Hydrolysates 


By adding different, small known quantities of a standard 
cystine solution to the same volume of the individual hydrolysate 
and determining the relative changes in the polarographic wave 
height, calibration curves are obtained which apply to the estima- 
tion of cystine in that particular hydrolysate. By this method 
it is possible to carry out determinations within an accuracy of 
+5 per cent in solutions containing only 12 to 24 y of cystine 
per cc. Greater accuracy may be obtained by determinations 
upon a series of different concentrations of the same sample. 

The current voltage curves were registered with the Heyrovsky 
polarograph (9,10). The sensitivity of the galvanometer used was 
about 2.4 X 10-* ampere per mm. per meter, the range of which 
is adjustable within wide limits. The wire resistance coil of the 
precision potentiometer was connected with a storage battery of 
4 volts, the increasing voltage for one revolution being 200 milli- 
volts. The solution to be tested was placed in a small walled 
vessel of about 28 cc. capacity above a layer of mercury 4 mm. in 
depth which served as the anode. To eliminate possible influences 
of the size and quality of the walls of the vessel upon the deter- 




















Stern, Beach, and Macy 737 


minations, the same vessel and a mercury anode of the same depth 
were always used. The distance from the adjustable mercury 
reservoir to the tip of the dropping mercury cathode was 80 cm. 
and remained constant. The frequency with which the mercury 
droplets fell from the capillary into the solution (which must be 
very constant) was 10 drops per 10 seconds. The temperature 
of the room in which the polarographic determinations were per- 
formed varied between 21.0° and 22.0° and may be considered 
as constant. 

The calibration curve for proteins was prepared in the following 
way: the polarogram of 0.5 cc. of protein hydrolysate in 25 cc. of a 
solution of 0.1 N ammonium chloride, 0.1 N ammonia, and 10-? m 
cobaltous chloride was made. Different small amounts of a 
freshly prepared standard solution of pure cystine were added to 
0.5 cc. portions of the protein hydrolysate and the volumes of the 
mixtures raised to 25 cc. with appropriate amounts of buffer solu- 
tion to make the final concentration 0.1 N ammonium chloride, 
0.1 N ammonia, and 10-? m cobaltous chloride. For each concen- 
tration of cystine the polarogram was made. The increments in 
wave heights produced by the addition of increased amounts of 
cystine to 0.5 cc. of protein hydrolysate were determined until a 
polarogram was obtained which showed a wave height slightly 
greater than that of 1 cc. of protein hydrolysate in the same solu- 
tion, to which no cystine was added. The same procedure was 
followed with 1 cc. of protein hydrolysate, known amounts of pure 
cystine being added until the wave height of a solution of 1.5 ce. 
(or 2 cc.) of protein hydrolysate was exceeded, and so on. For 
every determination it is absolutely necessary that the concentra- 
tion of the electrolytes be the same in the solution of protein 
hydrolysate and the increasing known amount of cystine. For 
every sample, the solution must be freshly prepared and measured 
within 10 minutes. Starting with the wave height of 0.5 cc. of 
protein hydrolysate as zero and plotting increases in the wave 
heights against added known amounts of cystine, one obtains a 
calibration curve from which results of a determination can be read 
very easily. For different proteins a special calibration curve is 
necessary; ¢.g., for edestin, or casein. When this method was 
applied to different mammalian globins (see below), it was found 
that the calibration curves could be superimposed; this indicates 
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that the composition of the globins is similar with respect to other 
amino acids which may interfere and that, therefore, only one 
calibration curve is necessary for all the globins. The calibration 
curve obtained for globins is shown in Fig. 2. The determination 
of one sample of hydrolysate, including the calibration curve, 
requires approximately 90 minutes. The determination of a 
calibration curve for each hydrolysate obviates the necessity of 
maintaining the temperature and other conditions constant be- 
tween sets of determinations. 








4.3 4 7 
x 1075 GM. /25 CC. i 





Fic. 2. Calibration curve for the determination of cystine in globin 
hydrolysates. 


Determination of Cystine in Hydrolysates of Edestin, Casein, 
and Globins 


During a study of the composition of several mammalian globins, 
it was found that with respect to cystine content these proteins 
showed an interesting stepwise relationship (11). The physical 
method of polarographic determination presented an ideal way 
in which to check the cystine values obtained by the method of 
Graff, Maculla, and Graff (12) in which cystine is determined 
through a precipitation of cysteine cuprous mercaptide. 

The different proteins were hydrolyzed for 24 hours in the usual 
manner with hydrochloric acid (1:1). The hydrolysates were 
diluted to a known volume with distilled water and the normality 
of the solutions determined. Small portions (0.5, 1.0, 2.0 cc.) 
were placed in 25 cc. volumetric flasks and diluted to the mark 
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with a mixture of ammonium chloride, ammonia, and cobaltous 
chloride, so that the final solutions consisted of 2 to6 X 10-* gm. 
of hydrolyzed protein in a mixture of 0.1 N ammonium chloride, 
0.1 N ammonia, and 10-? m cobaltous chloride. The polarograms 
of various amounts of the respective protein hydrolysates were 
determined and evaluated from the calibration curve described 
above. It was found unnecessary either to filter the hydrolysates 
before measurements or to remove the oxygen from the solutions. 

The values obtained for edestin and casein as well as those for 
the globins are in close agreement with the values obtained by the 
chemical method of Graff, Maculla, and Graff (12) as shown in 
Table I (11). With the kind of calibration curve employed in the 
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present work it should be possible to determine cystine in other 
protein hydrolysates and biological fluids containing interfering 
substances. 

Homocystine and homocysteine have also been found to exhibit 
the catalytic effect and it is possible to make a quantitative deter- 
mination by this method. Work on the polarographic determina- 
tion of these substances will be reported in the near future. 


SUMMARY 


It has been demonstrated that the cystine content of protein 
hydrolysates can be determined with the polarograph despite the 
presence of interfering amino acids, provided a special calibration 
curve is employed. 

Polarographic determination of the cystine content of casein, 
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edestin, and various mammalian globins gave values similar to 
those obtained with chemical methods. With concentrations as 
low as 15 y per cc., cystine can be determined with an accuracy 
of +5 per cent. 

Methionine cannot be determined polarographically by the 
procedures now in use but it does not significantly interfere with 
the cystine determination. 
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A COMPARISON OF COLORIMETRIC AND POLARO- 
GRAPHIC METHODS IN RELATION TO THE 
CYSTINE CONTENT OF INSULIN 


By M. X. SULLIVAN, W. C. HESS, anp E. R. SMITH 


(From the Chemo-Medical Research Institute, Georgetown University, and 
the National Bureau of Standards, United States 
Department of Commerce, Washington) 


(Received for publication, July 25, 1939) 


Among the newer physical means of determining active groups, 
the polarograph devised by Heyrovsky has commanded much 
attention. This instrument, equipped for automatic photographic 
recording, was used by Brdicka (1) in a study of cystine. Miller 
and du Vigneaud (2) using an improved method of hydrolysis 
found that cystine, within limits of error, accounted for the total 
sulfur of crystalline insulin and that on a moisture- and ash-free 
basis crystalline insulin contains 12.5 + 0.4 per cent cystine. 
Tropp (3) using as the hydrolyzing agent HC] and HCOOH, as 
advocated by Miller and du Vigneaud, estimated the total S—S by 
the polarographic method of Heyrovsky and reported cystine 
values of 7.3 to 8.3 per cent, uncorrected for moisture and ash. 
These values are much lower than those reported by Miller and du 
Vigneaud, whose findings were verified by Sullivan and Hess (4), 
and lower than those found by Schéberl. Schéberl, according to 
Tropp, found, by means of a modified Folin method, 10.62 per 
cent and after correcting for water of crystallization (6.87 per 
cent) 11.35 per cent of cystine, in line with the findings of the 
American workers. 

The polarographic method, applied to cystine, depends on the 
reducible S—S group; since in insulin cystine is the only disulfide 
present, it seemed worth while to compare it with the highly 
specific Sullivan colorimetric method (5). Accordingly, following 
Tropp’s publication, a comparison was made of the cystine con- 
tent of several samples of insulin with estimation of the cystine 
colorimetrically by the Sullivan method and comparatively by the 
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polarographic method. These samples from Frederick Stearns 
and Company, from Dr. H. Jensen, and from Eli Lilly and 
Company respectively, were given to us as having 24 to 25 units 
per mg. The hydrolysis by means of HC] and HCOOH, as 
recommended by Miller and du Vigneaud, and the colorimetric 
estimations were made by Sullivan and Hess at Georgetown Uni- 
versity. The polarographic determinations were made by Smith 
at the National Bureau of Standards. 

Polarographic curves were obtained for cystine in a mixture of 
amino acids such as are considered by Miller and du Vigneaud as 
possible in insulin. For our purpose, cystine (1, 2, or 3 mg.) was 
added to appropriate quantities of the HCI-HCOOH solution of 
the amino acids before hydrolysis. The amino acid mixture was 
made as follows: histidine 18.3, arginine 13.3, proline 21, glutamic 
acid 83, lysine 9.5, leucine 125, phenylalanine 21, tyrosine 50 mg., 
in 20 cc. of a mixture of equal parts of concentrated HCl and 90 
per cent HCOOH. The solution of amino acids was labeled 
Solution A. 

It is important in polarographic measurements to have the 
same environmental solution for a calibration as for a determina- 
tion of the unknown. This condition was approximated by using 
for the calibration solutions containing known amounts of cystine 
together with the combination of amino acids mentioned. Since 
heating with acids makes changes in the reactivity of amino acid 
mixtures, the amino acid mixture containing cystine was subjected 
to the same hydrolysis at the same time as each sample of insulin 
hydrolyzed. Further, a blank control was prepared each time by 
treating by the same hydrolyzing procedure the mixture of amino 
acids, without any cystine. The blank control solution was used 
to dilute portions of the cystine standards, and the solutions of 
insulin hydrolysates, as desired. Of itself, the amino acid mixture 
has no polarographic effect. 

A typical instance of the procedure of preparation for the polaro- 
graphic studies may be given. For the hydrolysis, the following 
solutions were placed in the hydrolyzing flasks, (1) 2 ec. of Solu- 
tion A (amino acids without cystine); (2) 2 ec. of Solution A plus 
3 mg. of cystine; (3) 20 mg. of insulin in 1 cc. of concentrated HCl 
plus 1 ec. of HCOOH. The solutions were hydrolyzed for 12 
hours in an oil bath maintained at 125—130°, concentrated to dry- 
ness on a water bath, and made to 30 cc. with water. The final 
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solution was used for colorimetric and polarographic determina- 
tions of cystine, with the amino acid solution used as a diluent. 
The quantity of cystine used for the polarographic measurements 
never exceeded 0.1 mg. for the 1.0 cc. of solution which was mixed 
with 9.0 cc. of buffered cobalt solution. 

The polarograms for the calibration curves and the determina- 
tions of cystine in insulin were completed during the same day 
that the hydrolysis was finished. It is important not to delay the 
measurements, since it was observed that keeping hydrolysates at 
room temperature or even in the ice box gave lower cystine values 
both colorimetrically and polarographically. For the polaro- 
graphic measurements, the procedure of Brdicka (1) was used. 
From four to eight determinations were made on each hydrolysate. 


TABLE I 


Percentage Cystine Content of Insulin As Determined by Polarographic and 
Colorimetric Methods and d Calculated ated from T Total Sulfur 














Polarographic | Colorimetric Total 
Insulin sample No. Type of hydrolysis Uneor-| on | Wasa y Cor 
rected* rected* rected | rected 
Ss 
1. Amorphous | r 
(Stearns). | HCI-HCOOH | 10.9 | 114 | 
2. Crystalline (Jen- | 
sen) . a - | 12.2 | 13.3 | 11.5 | 12.6 | 12.9 
3. Crystalline (Lilly, 
No. T-1115).. oe | 12.0 | 12.7 | 11.0 | 11.6 | 12.1 
4.Same.............., 2% HCl = | 1.1) 11.7} 11.1) 11.7 | 12.1 





* For moisture and ash. 


From these polarographic determinations, it was concluded that 
there is a relative error of 10 per cent corresponding to an absolute 
error of about 1 per cent of cystine in the results. This variation 
is caused by the error inherent in the apparatus, in the measure- 
ment of the wave heights of the particular current voltage curves, 
and in the measuring of the small volume of solution used. The 
polarographic data given in Table I indicate, nevertheless, that 
the percentage of cystine is the same within 1 per cent in the 
hydrolysates of the three lots of insulin examined and that the 
amount of cystine is unmistakably greater than the values reported 
by Tropp. In fact, without correction for moisture and ash, the 
average polarographic value of the cystine in the three samples 
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of insulin was found to be 11.6 + 1.0 per cent. In short, within 
limits of error, the colorimetric and the polarographic determina- 
tions are in good agreement as to the cystine content of crystalline 
insulin. 

Moisture and ash and total sulfur of the samples of the crystal- 
line insulin were obtained before the hydrolyses. Corrected for 
moisture and ash, the total sulfur of crystalline insulin (Jensen) 
was 3.44 per cent or the equivalent of 12.9 per cent cystine, while 
the total sulfur of Lilly’s crystalline insulin similarly corrected was 
equivalent to 12.1 per cent cystine. From the data given in 
Table I it would seem that the cystine content of insulin as deter- 
mined by the polarograph tends to be slightly higher (3 to 5 per 
cent) than the values computed from the total sulfur of the unhy- 
drolyzed insulin, while the values given by the Sullivan colori- 
metric method are slightly lower than the values computed from 
the total sulfur (2 to 5 per cent). 

Since in hydrolysis some cystine tends to be lost by deamina- 
tion, ete., and since the cystine is determined on such hydrolysates, 
we would regard values slightly lower than the total sulfur as 
nearer the truth. However, the values as found by the polaro- 
graph and the Sullivan colorimetric method are in rather close 
agreement. Thus the average cystine value of the samples of 
crystalline insulin corrected for moisture and ash is 12.57 per cent 
by the polarographic method, 11.97 per cent by the colorimetric 
method. The average cystine content as determined by the total 
sulfur is 12.37 per cent. Also, on the moisture-free, ash-free 
basis the two samples of crystalline insulin which were hydrolyzed 
by the HCI-HCOOH procedure gave an average cystine value 
of 13.0 per cent by the polarographic method and 12.1 per cent 
by the Sullivan colorimetric method. The cystine equivalent of 
the total sulfur of the unhydrolyzed insulin is 12.5 per cent. 
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THE CYSTINE CONTENT OF INSULIN. THE ACID 
SENSITIVITY OF DIFFERENT SAMPLES 


By M. X. SULLIVAN anp W. C. HESS 


(From the Chemo-Medical Research Institute, Georgetown University, 
Washington) 


(Received for publication, July 8, 1939) 


In his early work on amorphous insulin du Vigneaud (1) found 
about 8 per cent cystine by the Sullivan method. For crystal- 
line insulin du Vigneaud, Jensen, and Wintersteiner (2) reported 
8.3 per cent cystine, whereas on the basis of the sulfur content 
approximately 11.8 per cent could have been present if all the 
sulfur had been due to this amino acid. Subsequently Miller 
and du Vigneaud (3) showed that when the hydrolyzing agent 
employed was 20 per cent HCl in 50 per cent formic acid, the sul- 
fur of the insulin could be entirely accounted for as cystine on the 
basis of the Sullivan method. The earlier low cystine values 
were due to the use of HCl as the hydrolyzing agent. 

Kassell and Brand (4), on the other hand, found 6 n HCl 
satisfactory as a hydrolyzing agent. Using the Sullivan, the 
Folin (photometric), and the Baernstein methods, they ob- 
tained practically the same values with all methods provided 
the Baernstein cystine findings were corrected for HS arising 
from the decomposition of cystine. The average cystine con- 
tent of their hydrolysate was 11.0 per cent. Of the total sulfur 
of their sample of insulin (Lilly No. T-800) Kassell and Brand 
accounted for 99 per cent, of which 94 per cent was accounted 
for by cystine and 5 per cent by methionine. 

With certain samples of insulin we have had cystine results 
comparable to those of du Vigneaud, while with other samples 
the results were similar to those of Kassell and Brand. As will 
be shown later, the difference in the findings may depend to a 
high degree on the method of purification. 

In 1932 a sample of amorphous insulin was given to us as com- 
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ing from Frederick Stearns and Company, Detroit. It was re- 
ported to have 24 units per mg. Concerning the preparation of 
this sample we have no knowledge but used it in preliminary 
work on the study of the cystine content. This insulin pow- 
der was hydrolyzed with 20 per cent HCl for 6 hours at a 
temperature of 125°. The cystine found by the various methods, 
Sullivan (5), Folin-Marenzi (6), and Okuda (7), was respectively 

8.43, 8.47, and 8.60 per cent, all of the same order of magnitude. | 
On the basis of the weight of the insulin hydrolyzed there was 
found in the hydrolysate 2.55 per cent sulfur, part of which was 
precipitated directly by BaCl. The filtrate from BaSQ,, pos- 
sibly inorganic sulfate, was found by the Benedict-Denis pro- 
cedure to contain 2.25 per cent sulfur equivalent to 8.44 per cent 
cystine, practically the same as shown by direct cystine deter- 
mination. The total sulfur of the unhydrolyzed insulin was 3.22 
per cent, so it is evident that sulfur was lost in hydrolyzing. 

Hydrolyzing this insulin in the presence of TiC); (8) did not 
prevent the loss of sulfur. Thus in a 2 hour hydrolysis with 20 
per cent HCl containing TiCl; the cystine found was 8.62 (Sul- 
livan method), 8.75 per cent (Okuda method). The total sulfur 
of the hydrolysate was 2.47 per cent, practically a 25 per cent 
loss of sulfur during the manipulation. 

Then a 50 mg. sample of the amorphous insulin was hydrolyzed 
by 20 per cent HCl for 8 hours, during which time a stream of 
carbon dioxide passed through the solution and out through a 
solution of HClO, and KIO;. The volatile sulfur estimated as 
BaSO, was 0.80 per cent. The sulfur found in the hydrolysate 
was 2.42 per cent, a total of 3.22 per cent or practically 100 per 
cent of the total sulfur. 

Since we concluded that part of the sulfur of this insulin was 
being lost as volatile sulfur during the hydrolysis of theinsulin, 
recourse was had to Dr. H. Jensen, then at Johns Hopkins Uni- 
versity, for crystalline insulin. This crystalline insulin was | 
hydrolyzed 6 hours with 20 per cent HCl and normal atmosphere 
and with the temperature of the bath at 125°. This sample 
behaved like the amorphous insulin in giving the following per- 
centages of cystine by the various methods, Sullivan 8.51, Okuda 
8.68, Folin-Marenzi 8.60, Folin-Looney (9) 8.65, Folin-Looney 
as modified by Hunter and Eagles (10) 9.11. The total sulfur 
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according to Jensen was 3.2 per cent, equivalent to 12.00 per 
cent cystine if no other sulfur compound was present. These 
comparative findings held whether the acid used was ordinary 
c.P. HCl or HCl freed from iron by repeated distillation. 

Later the amorphous insulin was hydrolyzed for 24 hours ac- 
cording to the Miller-du Vigneaud procedure (3). Without 
correction for moisture and ash the cystine found by the differ- 
ent methods was 11.35 (Sullivan), 11.60 (Okuda), and 11.55 
per cent (Folin-Marenzi). The total sulfur of the HCI-HCOOH 
hydrolysate was 3.11 per cent, which would represent 11.66 per 
cent cystine. The cystine found by the three.methods in the 24 
hour hydrolysate was 97.3, 99.5, and 99.1 per cent of the sulfur 
of the hydrolysate and 94, 96, and 95.7 per cent of the total sulfur 
of the insulin. 

With the HCI-HCOOH hydrolysis of the crystalline insulin 
obtained from Dr. Jensen, a cystine content of 11.53 per cent 
was obtained as compared with 8.51 per cent in the HCl hydroly- 
sis. As previously shown by Miller and du Vigneaud, the HCI- 
HCOOH hydrolysis is protective of cystine in insulin. 

This method of hydrolysis, with HCl and HCOOH, was next 
tested on a number of proteins such as lactalbumin, wool, hali- 
but, haddock, and salmon steak, sirloin and round steak, edestin, 
ox muscle protein, casein, etc., in comparison with 20 per cent 
HCl and 6 n H2SO, as hydrolyzers. ‘he results with the HCl- 
HCOOH procedure were slightly but not significantly higher than 
with the other two acids. 

Miller and du Vigneaud’s experiments on the effect of heating 
cystine in a mixture of amino acids with HCl and HCIL-HCOOH 
were repeated. We found very little difference in results. Thus 
the HCl digest gave a return of 95.2 per cent cystine with little 
variation for different periods of heating up to 65 hours, while 
the HCI-HCOOH digest gave a return of 96.7 per cent cystine, 
not much higher. 

Finding little difference with the proteins used and with cystine 
in amino acid mixtures, whether HCl or HCI-HCOOH was used, 
we turned our attention to the explanation of the sensitivity of 
insulin in HCl. A fresh batch of crystalline insulin was obtained 
from Eli Lilly and Company (No. T-1115) for this study. 

Without any purification 20 mg. of this insulin were hydrolyzed 
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with 6.0 cc. of 20 per cent HCl for 18 hours with the bath at 125° 
and with nitrogen bubbling through the solution. The cystine 
found by the Sullivan method was 11.0 per cent and by the 
Okuda method 11.25 per cent. On hydrolysis of 20 mg. with 
3.0 cc. of concentrated HCl and 3.0 cc. of HCOOH for 18 hours 
with nitrogen passing through the solution, evaporation to dry- 
ness, etc., according to Miller and du Vigneaud, the cystine found 
was 11.10 (Sullivan method), 11.25 per cent (Okuda method). 
All values are uncorrected for moisture and ash. 

These experiments show that this particular crystalline insulin 
sample gives the same cystine value in the HCl hydrolysis as it 
does in the HCI-HCOOH hydrolysis, a verification of the work of 
Kassell and Brand that HCl hydrolysis is satisfactory for the de- 
termination of cystine in the Lilly insulin. The question then 
arises, wherein lies the difference between the results of Miller 
and du Vigneaud and of Kassell and Brand on the one hand 
and between those on the crystalline insulin received by us from 
Jensen and the new sample from Eli Lilly and Company? 

From the publication of du Vigneaud, Jensen, and Wintersteiner 
(2) it may be noted that they describe a procedure for recrystal- 
lizing insulin from acetic acid by the aid of 13.5 per cent pyridine 
and 0.85 per cent ammonia. As ascertained from The Lilly Re- 
search Laboratories the Lilly sample No. T-1115 had not been 
subjected to the acetic acid, ammonia, and pyridine purification. 
Accordingly, 100 mg. of the new Lilly preparation were recrystal- 
lized without the use of brucine acetate by the method of du 
Vigneaud, Jensen, and Wintersteiner. The yield of recrystallized 
insulin was 60 mg. after drying to constant weight in a vacuum 
desiccator. Hydrolyzed in 15 mg. batches with (a) 2.0 cc. of 
20 per cent HCl for 18 hours, in normal atmosphere, or (b) 2.0 
ec. of concentrated HCl and 2.0 ec. of HCOOH for 24 hours, the 
cystine found by the Sullivan method was (a) 8.13, (b) 10.7 per 
cent, and by the Okuda method (a) 8.5, (b) 11.0 per cent. 

Several separate recrystallizations by the acetic acid, pyridine, 
and ammonia procedure were made of the Eli Lilly sample and 
each time the cystine found after hydrolysis with HCl was less 
than the 11 per cent cystine found in the HCl hydrolysis of the 
non-recrystallized insulin. The results in comparison with the 
HCl-HCOOH hydrolysis are given in Table I. No corrections 
are made for moisture and ash. 
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The Lilly sample No. T-1115, before treatment with the pyri- 
dine, ammonia, etc., without correction for moisture and ash, 
showed the presence of 11 per cent cystine in the hydrolysates 
with HCl as well as with HCI-HCOOH. After the recrystalliza- 
tion the sample showed on the average 8.35 per cent by HCl 
hydrolysis and 10.9 per cent by hydrolysis with HCl-HCOOH. 
The Okuda method, which is not necessarily a cystine method, 
since it responds positively to other potentially reducing sub- 
stances, gave results of the same order of magnitude as the Sulli- 
van method. It would seem, then, that the procedure of re- 
crystallizing had made changes in the cystine complexes in the 


TaBLe I 


Comparative Cystine Content of Insulin, Lilly Sample No. T-1115, after 
Recrystallization from Acetic Acid, Pyridine, and Ammonia 


























HCl hydrolysis HCl-HCOOH hydrolysis 
Sample Time of Time of 
No. | hydrolysis | sullivan | Okuda | >¥drolysis | gunivan | Okuda 
method method method method 
hrs. per cent per cent hrs. per cent per cent 
1 8* 8.13 8.53 24* 10.70 11.00 
1 18* 8.06 8.25 
2 18t 9.10 9.20 18t 10.70 10.85 
2Bt 18t 7.93 8.10 18t 11.00 11.00 
3 8t 8.51 18t 11.11 
Average.......... 8.35 8.52 10.90 11.00 














* Normal atmosphere. 

+t Hydrolyzed in a current of nitrogen. 

t 2B was a second batch of crystals obtained from the mother liquor 
of Sample 2. 





insulin molecule. Kassell and Brand treated their Lilly sample 
No. T-800 with petroleum ether and found by 6 hours hydrolysis 
with 6 n HCl 11 per cent cystine. Our findings with the Lilly 
insulin No. T-1115 are of the same order. 

The finding of increased lability of the sulfur of insulin in the 
mild procedure of recrystallizing the insulin in the presence of 
ammonia and pyridine requires some further verification which 
may now be detailed. 

The total S in the Lilly sample of insulin No. T-1115 as ob- 
tained from this company was 3.24 per cent, equivalent to 12.15 
per cent cystine if no other sulfur compound than cystine were 
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present. A 25 mg. sample of this insulin was hydrolyzed in a 
stream of nitrogen by 20 per cent HCl for 8 hours and another 
25 mg. sample for 24 hours by HCI-HCOOH as recommended by 
Miller and du Vigneaud. The cystine found was 11.0 (HCl 
hydrolysis), 11.0 per cent (HCI-HCOOH). The sulfur of the 
hydrolysates was HCl 3.13, HCI-HCOOH 3.19 per cent; that is, 
96.6 and 98.3 per cent of the total sulfur of the unhydrolyzed 
insulin. 

A sample of this insulin was then recrystallized by the acetic 
acid, pyridine, and ammonia procedure mentioned as satisfactory 
by du Vigneaud, Jensen, and Wintersteiner (2). This recrystal- 
lized material was hydrolyzed in 25 mg. portions in a stream of 
nitrogen with 20 per cent HCl for 8 hours and with HCl and 
HCOOH for 18 hours. The results for the cystine content by 


TaBLe II 


Cystine and Total Sulfur in Hydrolysates of Lilly Insulin No. T-1115 
Recrystallized from Acetic Acid, Pyridine, and Ammonia 


Cystine operas of S 
y 


Cystine found | Total S of hydrolysate of h lysate 
HCl | HCI-HCOOH | HCl | HCI-HCOOH | HCl | HClI-HCOOH 
hydrolysis hydrolysis | hydrolysis hydrolysis hydrolysis hydrolysis 
per cent | per cent per cent per cent | percent | per cent 
8.51 | Wl | 227 | 3.23 8.51 12.11 


the Sullivan method and for total sulfur in the hydrolysates are 
given in Table II. 

Since the total sulfur of the hydrolysate of the sample before 
recrystallization from acetic acid, ammonia, and pyridine was 
3.13 per cent in the HCl hydrolysate, the lower sulfur content 
(2.27 per cent) in the HCl hydrolysis of the recrystallized insulin 
shows that this recrystallization so altered the complexity of the 
insulin that approximately 28 per cent of the sulfur was lost 
during the hydrolysis. It may be noted that the cystine found 
in the HCl hydrolysate of the recrystallized insulin and the cystine 
equivalent of the sulfur found are identical. Because of the 
small samples used no attempt was made to catch the volatile 
sulfur, as was done in the early work on the amorphous insulin. 
In fact, for the present purpose, this capture was unnecessary, 
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since the total sulfur was found markedly lowered in the HCl 
hydrolysis, and agreed with the cystine sulfur. This loss is not 
manifested in the HCI-HCOOH hydrolysis of Miller and du Vi- 
gneaud, since in this hydrolysis the total S of the hydrolysate of 
the insulin before and after the special recrystallization is of the 
same order of magnitude. There can be no doubt regarding the 
loss of sulfur and cystine in the HCl hydrolysis of the sample 
recrystallized from acetic acid, pyridine, and ammonia. 

It would seem that the difference between the findings of du 
Vigneaud and of Kassell and Brand and between our different 
samples of insulin is due to the difference of treatment, in par- 
ticular the use of pyridine and ammonia in recrystallization. It 
is certain that the Lilly sample No. T-1115 gives much lower 
values after the recrystallization from acetic acid, ammonia, and 
pyridine than it does before such recrystallization and that the 
sulfur values found in the HCl hydrolysate of the respective 
samples are very different, with a heightened lability of the 
cystine after the recrystallization from acetic acid, pyridine, and 
ammonia. 

Since the above conclusion is rather surprising and somewhat 
revolutionary, the question was investigated further with several 
samples of insulin and with recrystallization according to the 
Seott procedure (11) and according to the acetic acid, pyridine, 
and ammonia procedure mentioned by du Vigneaud, Jensen, and 
Wintersteiner and employed by Jensen (personal communication) 
in preparing the crystalline insulin presented to us by him. 

Fresh samples of insulin were obtained from Dr. Jensen of E. R. 
Squibb and Sons, and amorphous insulin and crystalline insulin 
from Eli Lilly and Company. The Lilly amorphous insulin was 
erystallized by the Scott procedure and by the acetic acid, am- 
monia, and pyridine procedure employed by Jensen. These 
crystalline samples were hydrolyzed by HCl alone, and by HCl- 
HCOOH in comparison with Lilly’s crystalline insulin No. T-1115 
and with the crystalline insulin obtained from Dr. Jensen. The 
findings corrected for moisture and ash are given in Table III. 

It may be seen from Table III that the sample of crystalline in- 
sulin sent by Dr. Jensen gives a value of 9.59 per cent cystine 
and that the sample of Lilly’s amorphous insulin crystallized in 
the same manner gives a value of 9.45 per cent cystine, whereas 
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the samples crystallized by Scott’s procedure give values of 11.96 
per cent (our Sample 3) and 11.61 per cent (Lilly sample No. 
T-1115). Furthermore, when the HCI-HCOOH hydrolysis is 
used as recommended by Miller and du Vigneaud, the cystine 
value rises to 12.28 per cent in the Jensen sample and the sample 
prepared here gives a value of 12.06 per cent cystine. In short, 
the samples crystallized with acetic acid, pyridine, and ammonia 
give, on the average, 19 per cent lower values with the HCl hy- 
drolysis than do the samples crystallized by Scott’s procedure. 
It may be noted also that the Jensen sample crystallized from ace- 


TaB.Le III 


Cystine Content of Insulin, Crystallized by Different Procedures and 
Hydrolyzed with 20 Per Cent HCl, and with 18 Per Cent 
_ HCl and 50 Per Cent HCOOH 








| | Sullivan method | Okuda method 
Sample No. eh Lk ea a 
| ese | “HCOOH | a HCOOH 
f ant | swant | guest cent | per cent 
1. Jensen’s sample | 24-25 | 9.59 12.28 | 9.83 | 12.56 
2. Amorphous 20 10.90 | 11.39 | 10.99 | 11.45 
3. Sample 2, erystal- | | 11.96 12.23 12.12 12.12 
lized by Scott pro- | 
cedure | 
4. Sample 2, crystal- | 9.45 | 12.06 9.41 | 12.15 
lized by acetic acid, | | | | 





pyridine, ammonia 
5. Lilly No. T-116 


| 24-25 | 11.61 | 11.71 | 11.87 | 11.87 





tic acid, pyridine, and ammonia has the same physiological po- 
tency as the Lilly sample recrystallized by the Scott procedure.' 
The comparative values for Samples 3 and 4, and 1 and 5 hold 
whether the comparison is made on the air-dried sample or on the 
moisture- and ash-free basis; that is, the samples recrystallized 
from acetic acid, pyridine, and ammonia give cystine values 
considerably lower than the samples recrystallized by the Scott 
procedure. A similar finding holds for the cystine values deter- 


1 According to the report received from Dr. George B. Walden of The 
Lilly Research Laboratories, Samples 3 and 4 of Table III are identical in 
potency, within the accuracy of the tests. 
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mined by the Okuda method. On the other hand the samples 
of crystalline insulin prepared by the different procedures and 
hydrolyzed with HCI-HCOOH vary less than 5 per cent in their 
cystine content. 

Determination of Moisture and Ash—The moisture was deter- 
mined by drying in a drying pistol with boiling toluene until the 
weight was constant. The moisture found is less than that found 
by Miller and du Vigneaud for their samples. However, our sam- 
ples had been in a vacuum desiccator over calcium chloride for some 
time before the moisture was determined. It may be noted that 
the total sulfur corrected for moisture and ash is of the same order 
of magnitude as given by Miller and du Vigneaud for their sam- 
ples. The data for moisture and ash are given in Table IV. 


TaBie IV 
Moisture, Ash, and Total Sulfur of Various Samples of Insulin 





Cystine 
Sample No. Moisture Ash Total 8 oy 





per cent per cent per cent per cent 


1. Jensen 7.81 0.66 3.44 12.90 

2. Amorphous, Lilly 4.19 0.32 3.15 11.81 

3. Sample 2 crystallized by Scott | 5.94 1.26 3.33 12.49 
procedure 


4. Sumple 2 crystallized by acetic 6.27 0.80 3.32 ,| 12.45 
acid, ammonia, pyridine 
5. Lilly No. T-1115 4.72 0.54 3.22 12.08 

















The average cystine found in the HCI-HCOOH hydrolysis for 
the four samples of crystalline insulin is 12.07 per cent and the 
average cystine when the total sulfur is calculated as cystine of 
the same samples is 12.48 per cent; that is, the cystine found is 
approximately 97 per cent of the total sulfur calculated as cystine. 

As shown in Table III, the cystine found in the amorphous 
insulin from Eli Lilly and Company explains 92 per cent of the 
total sulfur of the insulin. When recrystallized by the Scott 
procedure by us and at The Lilly Research Laboratories respec- 
tively the cystine found in the HCl hydrolysate explains 96 per 
cent of the sulfur in both cases. On the other hand, in the 
HCl hydrolysate of the sample recrystallized by the acetic acid, 
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pyridine, and ammonia procedure the cystine found explains 
only 76 per cent of the total sulfur. 

Attention may be called to the publication of Wintersteiner, 
du Vigneaud, and Jensen (12) wherein they report that the total 
sulfur in the HCl hydrolysate accounted for the total sulfur 
originally present in the insulin. However, as judged by the 
work of du Vigneaud, Jensen, and Wintersteiner (2), the crystal- 
line insulin spoken of by Wintersteiner et al. was prepared by 
means of brucine acetate, pyridine, and ammonia, while in our 
work no brucine was used, since the above authors suggest that 
recrystallization without brucine is satisfactory. 

Our findings are not in agreement with those of Wintersteiner et 
al. Thus the Lilly sample of amorphous insulin was crystallized 
from acetic acid, pyridine, and ammonia, as used by du Vigneaud, 
Jensen, and Wintersteiner. This crystalline insulin hydrolyzed 
by 20 per cent HCl in a current of nitrogen, in a boiling water 
bath as was done by Wintersteiner et al., gave off volatile sulfur 
which was collected in water containing HClO,. Estimated by 
the Benedict-Denis procedure and corrected for moisture and ash, 
the total sulfur of the volatile fraction was 0.60 per cent; the total 
sulfur of the hydrolysate was 2.60 per cent. Volatile sulfur and 
the sulfur of the hydrolysate account for 96.4 per cent of the 
total sulfur of the crystalline insulin. The cystine found by the 
Sullivan method applied to the hydrolysate explained 2.52 per 
cent sulfur or approximately 97 per cent of the total sulfur of the 
hydrolysate. The values found by the Okuda method are of 
the same order as those found by the Sullivan method. 

Again, even when the temperature maintained during the hy- 
drolysis is not over 100°, there is evidence that crystallizing insulin 
from acetic acid, pyridine, and ammonia gives a product the 
cystine of which is sensitive to hydrolysis with HCl. 


SUMMARY 


Some samples of insulin show a heightened sensitivity and de- 
struction in HCl hydrolysis. The sulfur lost is volatile and can 
be captured. Such samples give at least 95 per cent of theirsulfur 
as cystine sulfur when hydrolyzed by HCI-HCOOH. Other sam- 
ples of insulin give practically the same cystine value in both the 
HCl and the HCI-HCOOH hydrolysis. 
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Recrystallization of the non-labile insulin by the pyridine-am- 
monia procedure leads to a product which gives much lower values 
in HCl hydrolysis than it does with the protective HCIl-HCOOH 
hydrolysis. 

The total sulfur of the HCl hydrolysate of the sample recrystal- 
lized from acetic acid, ammonia, and pyridine is much lower than 
the total sulfur of the insulin itself not submitted to the special 
recrystallization and likewise much lower than the total sulfur of 
the HCl hydrolysate of the non-recrystallized insulin. 

A high grade, amorphous insulin crystallized by the Scott pro- 
cedure is practically as stable towards hydrolysis with HCl as 
with HCI-HCOOH. The same amorphous insulin crystallized 
from acetic acid, pyridine, and ammonia gives a much lower value 
with the HCl hydrolysis than with the HC]-HCOOH hydrolysis. 

The physiological potency of the samples sensitive to hydrolysis 
with HCl and yielding 9 to 10 per cent cystine is the same as 
that of the non-sensitive samples yielding 11 to 12 per cent cystine 
in the HCl hydrolysate. 

On hydrolysis with HCI-HCOOH, both sets of samples give 
practically the same cystine values, approximately 12 per cent. 

The differences in the literature as to the cystine content of 
insulin when the hydrolyzing agent is HCl may well be explained 
by the differences in treatment before hydrolysis. 
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THE CARBOHYDRATE METABOLISM OF STREPTO- 
COCCI* 


By THEODORE E. FRIEDEMANN 


(From the Laboratory of Chemical Bacteriology, the Department of 
Medicine of the University of Chicago, Chicago) 


(Received for publicatjon, July 13, 1939) 


In a previous paper (1), the writer has shown that the principal 
metabolic products of hemolytic streptococci in complex sugar- 
rich culture media are lactic, formic, and acetic acids and ethyl 
alcohol. In the present paper quantitative metabolic data from 
viridans strains of streptococci will be presented and the metabo- 
lism of streptococci as a group will be discussed. For the purpose 
of comparison, results from other cocci will also be given. 

Tissier and Martelly (2) were among the first to note the forma- 
tion of large quantities of lactic acid by Streptococcus pyogenes. 
The production of acids by lactic acid bacteria was studied by 
Rogers and Davis (3). Hammer (4, 5) demonstrated the pres- 
ence of volatile acids in cultures of streptococci and Leuconostoc. 
According to Foster (6), from 66 to 85 per cent of the total acidity 
of hemolytic streptococcus cultures is non-volatile; volatile acids 
constitute from 15 to 34 per cent of the total acids. In a study of 
358 representative strains of streptococci, including Leuconostoc, 
Hucker (7) found that, with few exceptions, from 85 to 98 per 
cent of the total acidity is non-volatile; from 2 to 15 per cent is 
volatile. The first accurate determinations of lactic acid are 
those of Hewitt (8) who found that about 78 per cent of the dex- 
trose consumed in hemolytic streptococcus cultures is converted 
into this acid. The optical activity of the lactic acid has been 
studied by Hammer (5), Hucker (7), and Tatum, Peterson, and 
Fred (9). 

*This study was aided by the Bartlett Memorial Fund and by the 
Douglas Smith Foundation for Medical Research of the University of 
Chicago. The work was carried out with the assistance of Thaddeus C. 
Kmieciak. 
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Methods 


The microorganisms were obtained from various sources. The 
identity and purity of each culture were carefully checked before 
and after each experiment. The culture medium and the bac- 
teriological and analytical methods were the same as described 
in a previous paper (1). The limit of error of the analytical 
methods is about +0.5 mm per liter. 


Results 


Results from representative strains of green-forming strepto- 
cocci are shown in Table I. One strain of Streptococcus fzxcalis 
and two strains of Streptococcus viridans, which had been freshly 
isolated from human sources, produced 74, 78, and 84 per cent of 
lactic acid on the basis of the sugar consumed. The yield of 
lactic acid from Streptococcus lactis was 89 per cent. In the same 
batch of medium, Streptococcus scarlatine produced 95 per cent 
of lactic acid. By comparing these data with those of the pre- 
vious paper (1), it will be noted that hemolytic strains produced 
considerably more lactic acid in the medium employed (91, 90, 
91, 97, 101, 90, 96, and 89 per cent) than the viridans strains. 
From 77 to 91 per cent of the sugar was converted into lactic 
acid during rapid growth of Staphylococcus aureus in this culture 
medium (10). The other organisms, with only two exceptions, 
also yielded large quantities of lactic acid in this medium. Tetra- 
coccus casei, which yielded only 20 per cent of lactic acid, and 
Leuconostoc dextranicum, which yielded 44 per cent, gave con- 
siderably larger yields in other types of media which permitted 
more rapid growth. 

Besides lactic acid, the microorganisms shown in Table I 
yielded formic and acetic acids and ethyl alcohol. The results 
for formic acid were perhaps too high because of the possible 
presence of traces of pyruvic acid in bacterial cultures. Pyruvic 
acid is quite volatile and, like formic acid, reacts with mercuric 
salts. 

The results from two cultures of Leuconostoc should be noted. 
Unlike the other microorganisms, these streptococcus-like organ- 


1 This organism was obtained from the American Type Culture Collec- 
tion; see Hucker (11). 
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isms produced much gas (CO). No formic acid was present 
in Culture 12; Culture 13 contained only a trace, 0.3 mm per liter. 
The yield of acetic acid was small. In every instance the yield of 


TaBLe | 
Metabolism of Bacteria in Carbohydrate-Rich Culture Medium 


Culture medium, beef infusion, 1 per cent of peptone, 1.8 per cent of 
Na:HPO,-12H,0, 0.9 per cent of dextrose. Initial pH 7.6. Incubation, 
with two exceptions, was at 37. 5°. 
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Streptococcus fecalis...| A | 10 7.0 54.3) 10.0, 4.6 | 5.5) 2.0) 74 
a viridans, | | 
sinus infection.......| “ | 10 | 60.6) 47.0) 4.7) 1.2 | 1.5, 3.4) 78 
Streptococcus viridans, | | | 
sore throat | © 110 | 26.1) 22.0) 1.20.5 | 0.4/-1.1) 84 
Streptococcus lactis.. B | 24 | 77.8) 68.9, 2.9'0.9 | 0.6—0.8) 89 
“ scarla- | | | 
line “ 1a 16.8) 16.0) 2.4) 0.5 saa Mindy, 95 
Diplococcus pneu- | 
moniz, Type II (A,).| “* | 24 | 62.8) 49.2) 4.1) 1.6 1.9| 4.3, 78 
Diplococcus pneumo- | | 
niz, Type II (A,).... A | 24 | 47.3) 33.0) 9.2) 3.8) 3.9) 0.7) 70 
Diplococcus pneumo- 
nie, Type III (As)..| “ | 24 | 88.8) 30.0, 3.8) 1.7| 0.9, 1.3) 77 
Sarcina aurantiaca.....| A, | 36* | 13.0| 9.4) 0 | 0.6 0.6) 1.8 72 
Micrococcus bombycis..| B | 24 | 38.2/ 36.7, 0 (0.3) 0.3/\—0.4) 9% 
Tetracoccus casei, milk.| “ | 40 | 16.8 3.4 10.3/6.5| 5.1 0.6) 20 
Leuconostoc mesenter- | | 
SS whe bac bass | As 24 | 59.8) 48.44 0 | 2.5) 6.2) 0.8) 81 
Leuconostoc deztrani- | 








cum.................| “ | 48% | 60.8) 26.3) 0.3) 1.6 | 26.6) 1.0) 44 





* Incubated ot 25- 30°. 


alcohol was greater than that of acetic acid. Culture 13, for 
example, contained 26.6 mm of ethyl alcohol and only 1.6 mm 
of acetic acid. Pederson (12) obtained the following calculated 
yield of products from 50 ma of dextrose (100 ma of C;) by incu- 
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bating Leuconostoc pleofructi (mesenteroides) 30 days at 25°: 
42.7 mm of lactic acid, 65.0 mm of COs, 5.6 mm of acetic acid, and 
21.3 mm of ethyl alcohol. It is evident that the metabolism of 
Leuconostoc differs markedly from that of the other streptococci. 
This confirms the conclusions of Hammer and Hucker. 

On the other hand, the similarity of the results from Cultures 
1 to 11 should be noted. Approximately equal quantities of 
alcohol and acetic acid were produced. The striking similarity 
in the relative yield of volatile products from the streptococci, 
from the pneumococci, and from Tetracoccus casei should be noted. 
Thus in Cultures 1, 7, and 11, which contained larger quantities 
of volatile products and which therefore could be analyzed with 
greater accuracy, formic acid, acetic acid, and ethyl alcohol were 
produced in approximately the ratio of 2:1:1. The yields of 
formic acid, acetic acid, and ethyl alcohol were as follows: from 
Streptococcus fecalis in Culture 1, 10.0, 4.6, and 5.5 mM; from 
Diplococcus pneumoniz in Culture 7, 9.2, 3.8, and 3.9 mm; from 
Tetracoccus casei in Culture 11, 10.3, 6.5, and 5.1 mm. A similar 
trend in the yield of these products is shown in the data from 
Cultures 2, 3, 4, and 5 and in the previously published data from 
hemolytic strains of streptococci. These volatile products no 
doubt are derived from the further splitting of the 3-carbon inter- 
mediates of the metabolized sugar. The writer has shown that 
Monilia (13) and Staphylococcus aureus (10), as in the case of 
yeast, yield 2 moles of CO, and 2 moles of ethyl alcohol; pneu- 
mococci, on the other hand, are able to metabolize dextrose 
anaerobically into 2 moles of formic acid and 1 mole each of 
acetic acid and ethyl alcohol (14). Most likely the breakdown 
of sugar by streptococci, by Tetracoccus casei, and perhaps also 
by the other cocci (with the exception of Leuconostoc) is similar 
to that of the pneumococci. 


SUMMARY 


Viridans, or green-forming, strains of streptococci were allowed 
to grow from 10 to 24 hours at 37.5° in a beef infusion culture 
medium to which had been added 1 per cent of peptone, 1.8 
per cent of NazHPO,-12H,0, and 0.9 per cent of dextrose. Strepto- 
coccus scarlatine, Diplococcus pneumoniz, Sarcina aurantiaca, 
Micrococcus bombycis, Tetracoccus casei, Leuconostoc mesenteroides, 
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and Leuconostoc dextranicum were also grown in the same culture 
medium in order to provide comparative data from other Gram- 
positive cocci. Lactic acid was the principal product. Smaller 
quantities of formic acid, acetic acid, and ethyl alcohol were 
produced. These products accounted for from about 80 to more 
than 95 per cent of the carbon of the sugar metabolized. 

The metabolism of sugar during rapid anaerobic growth is 
probably the same in streptococci (Leuconostoc not included) 
as in pneumococci. The small portion of the sugar which is not 
converted into lactic acid is further split into approximately 2 
moles of formic acid and 1 mole each of acetic acid and ethyl 
alcohol. The similarity of the metabolism of the other cocci is 
discussed. 
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THE OXYGEN UPTAKE OF DRIED HEMOGLOBIN* 
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It has been shown by Morrison and Hisey (8) that solutions of 
reduced hemoglobin may be evaporated to dryness by vacuum 
distillation at 38° without loss of activity. The dried flakes may 
be ground to a powder and dissolved in deaerated water to form 
solutions exhibiting all the properties of native hemoglobin solu- 
tions. If the dried material be exposed to the air for a period of 
about 10 days, it loses its activity towards oxygen and forms 
solutions having the characteristics of methemoglobin. If allowed 
to stand in air for longer periods, it becomes completely insoluble 
in neutral solvents and is apparently denatured. By sealing the 
powder in vacuo in glass ampules its active state may be preserved 
indefinitely. 

In order to follow the changes connected with the loss of activity 
by the dry hemoglobin in contact with air, methods of studying 
the oxygen uptake by means of Warburg microrespirometers were 
devised, and the results correlated with the spectrophotometric 
findings. 


Methods 


For the preliminary experiments in which the dry hemoglobin 
was exposed to air, Warburg microrespirometers of the ordinary 
type were used, having conical flasks of 20 cc. capacity and single 
side bulbs with auxiliary stoppers. The dried hemoglobin was 
removed from the drying chamber, quickly ground to a powder in 


* Preliminary reports of this study have appeared (5). This paper 
concludes a series of publications (7, 8) of data which were presented in 
a dissertation to the Committee on Graduate Study in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy, University 
of Tennessee, June, 1937. 
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a mortar, and divided into samples of 1 to 2 gm. which were 
weighed into the flasks. The units of the respirometer were 
assembled and mounted in the constant temperature bath 
maintained at 38° + 0.01°. Brodie’s solution, having a specific 
gravity of 1.034, was used in the manometers. Readings were 
taken at constant volume and corrected for barometric changes by 
means of observations on a blank apparatus of similar capacity. 
After each reading the internal pressure was restored to the original 
value by admission of air to replace the oxygen absorbed. It is 
recognized that by this procedure there is some dilution of the 
oxygen by accumulation of nitrogen, but in the volumes used this 
effect was small. At varying intervals of time, individual vessels 
were removed for spectrophotometric examination of the con- 
tents. In some cases sodium hydroxide solution was placed in 
the side bulb to absorb any carbon dioxide which might have been 
liberated. 

The original procedure was open to two objections; viz., (1) the 
time required to grind, weigh, and transfer the sample to the 
respirometer was appreciably long, during which it took up an 
unknown quantity of oxygen, and (2) it was difficult to use gases 
other than air. Since the initial rate of oxygen uptake was found 
to be quite rapid, the former difficulty assumed considerable 
importance. 

In order to minimize these difficulties, a special type of micro- 
respirometer was devised. A 3-way stop-cock, having a T- 
shaped bore, was placed at the junction of the side arm with the 
manometer. This arrangement allowed all three arms to be 
thrown in communication, as in the usual apparatus, or any one 
arm to be cut off from the other two, thus allowing the flask to be 
connected to a vacuum pump through the upper arm without 
disturbing the setting of the manometer on the arm below. The 
vacuum obtained in the flask in this way could be maintained by 
turning the stop-cock to close off the side arm, after the stop-cock 
on the upper arm was first closed to prevent the manometer solu- 
tion from being drawn into the pump. The flask was made nearly 
spherical, so as to withstand better the force of the vacuum. A 
side bulb large enough to hold sufficient water to dissolve the 
sample was attached to the vessel to be used in the study of 
adsorption. An auxiliary glass stopper was fitted to the side 
bulb to permit addition of water or other reagents. 
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It was hoped that it would be possible to dry samples of hemo- 
globin directly in the respirometer vessels in order to avoid ex- 
posure to air during transfer, but this was found to be impracti- 
cable because of foaming. To speed up operations during this 
critical interval the step of weighing the sample was eliminated and 
the weight was obtained at the end of the experiment by appropri- 
ate analytical means. In the use of this apparatus, the sample of 
hemoglobin was quickly removed from the drying flask, ground in 
a mortar, and transferred to the vessel with three glass beads to 
stir the powder when the apparatus was rocked in the bath. The 
flask was then attached to the manometer and rapidly evacuated 
after the special stop-cock was turned to connect the side and 
upper arms, and the latter was attached to the line from a Hyvac 
pump. The vacuum obtained was maintained in the flask by 
turning the special stop-cock to close off the side arm, after the 
upper stop-cock was first closed to protect the manometer fluid 
below. The respirometer was then disconnected from the pump 
and mounted in the bath with the flask submerged only to the 
level of the auxiliary stopper on the side bulb. The upper arm 
and manometer tube were cleared of contained air by flushing 
with oxygen from a water-filled aspirator bottle and by repeatedly 
raising and lowering the level of the Brodie’s solution. After all 
the air had been replaced, the special stop-cock was carefully 
turned to admit oxygen to the flask very gradually, to avoid a 
sudden blast which might carry the powder over into the side 
bulb. With the vessel still connected to the oxygen reservoir and 
a slight positive oxygen pressure, the auxiliary stopper was re- 
moved and 0.5 cc. of water at 38° was quickly added to the side 
bulb. The purpose of the water was to maintain a constant vapor 
pressure within the system, without which consistent results were 
unobtainable. After the auxiliary stopper was replaced, the flask 
was completely submerged, the manometer brought to its proper 
level, and the special stop-cock turned to connect the flask and 
manometer. The oxygen line was disconnected and the oscillator 
set in motion. Readings were taken as often as necessary, de- 
pending on the rate of rise of the manometer fluid. After each 
reading, the original pressure was restored by admitting oxygen 
to replace that absorbed. 

The weight of the sample was determined at the conclusion of 
the experiment by dissolving the hemoglobin in water and deter- 
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mining the total pigment spectrophotometrically by the method of 
Drabkin and Austin (4). In some cases in which denaturation 
had taken place, it was necessary to dissolve the sample by addi- 
tion of NaOH solution, and to determine the hemoglobin by its 
iron content, according to the method of Kennedy (6). The 
volume occupied by the dry sample was calculated from its density, 
which was found to be consistently close to 0.70. In addition to 
the total pigment, oxyhemoglobin and methemoglobin were deter- 
mined upon the solutions by the method of Austin and Drabkin 
(1) as modified by us (8). 

By methods similar to those used for following the oxygen up- 
take, the carbon monoxide uptake of dried hemoglobin and the 
oxygen and carbon monoxide uptake of methemoglobin were 
determined. The carbon monoxide was generated by warming a 
mixture of formic and sulfuric acids, and stored over water in glass 
reservoirs. Ordinary precautions were taken to remove atmos- 
pheric oxygen from the system before storage, but the gas was not 
rigorously purified, nor were measures taken to prevent diffusion 
through the water or rubber tubing. We believe, however, that 
the presence of traces of oxygen would not influence the results 
significantly, in view of the major effects here reported. The 
methemoglobin was prepared from solutions of purified hemo- 
globin by oxidation with an excess of potassium ferricyanide 
followed by dialysis in the cold through viscose sausage casing. 
Spectrophotometric analysis showed complete conversion to 
methemoglobin. Portions of the solution were dried according 
to the method employed for reduced hemoglobin, and the gaseous 
uptake followed in the special microrespirometers. 


Adsorption Studies 


In order to test the possibility of the adsorption of oxygen by 
dried reduced hemoglobin, it was assumed that any gas held upon 
the surface of the particles would be released when the particles 
dissolved. Since it was found that the originally active material 
was always converted to an inactive one, it was not to be supposed 
that an appreciable amount of oxygen had been taken up to form 
oxyhemoglobin. Consequently, if no gas were released, it would 
seem reasonable to suppose that no adsorption had occurred, and 
vice versa. 
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At the conclusion of a determination of the oxygen uptake, 
when previous experience and subsequent analysis showed that 
the sample had been completely inactivated, sufficient water to 
dissolve the sample was added to the side bulb of the Warburg 
flask through the auxiliary stopper. The closed apparatus was 
oscillated in the bath for a sufficient time to allow the added water 
to become saturated with the gas at the temperature and pressure 
of the experiment. By tilting the apparatus, the water was 
caused to flow into the large bulb over the powdered sample. 
Rocking was continued until solution was complete. The manom- 
eter was frequently observed to detect changes in pressure. 
No significant change occurred, although there was always a 
slight drop in pressure which became constant in a short time, 
and which may have been due to shrinkage in volume as solution 
took place. 


Results 


The results obtained by exposure to oxygen of three samples of 
dried, reduced hemoglobin are plotted in Fig. 1. The time of 
removal for spectrophotometric analysis is shown by the end of 
each curve. Conversion to methemoglobin was complete in each 
case, as judged from the fact that spectrophotometric readings at 
wave-lengths 540, 560, 575, and 630 my were identical for the 
natural solutions and the ones with added ferricyanide. It is 
interesting to note that the absorption of oxygen continued after 
the samples were completely converted to methemoglobin, that 
there is no significant break in the curve, and no indication of a 
maximum. The presence of sodium hydroxide in the side bulb 
made no difference in the curve obtained, indicating that evolu- 
tion of carbon dioxide does not occur. 

In the case of dog hemoglobin, denaturation of the samples was 
observed at the end of about 200 hours, as judged by the fact that 
they would not dissolve readily in water. It was necessary to add 
sodium hydroxide cautiously to the water to effect solution, and 
sometimes, after longer exposures, precipitation occurred when the 
solution was buffered for spectrophotometric observations. This 
latter circumstance rendered the spectrophotometric method un- 
suitable for total pigment in these cases, making it necessary to 
resort to iron analyses for the measurement of dog hemoglobin. 
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Denaturation of beef or human hemoglobin was not observed, 
although it may have occurred to some extent and merely escaped 
notice, owing to the much higher solubility of these two hemo- 
globins. In samples of methemoglobin from these species, ex- 
posed to oxygen for longer periods of time, denaturation was 
observed. 

The results obtained by exposure of dried hemoglobin to air are 
plotted in Fig. 1. By comparison with the curves of oxygen up- 
take it can be seen that the use of pure oxygen not only increases 
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Fic. 1. The uptake of different gases by dried, reduced hemoglobin 


the rate but also the final total volume of gas absorbed, if such can 
be spoken of when no maxima are evident. It is interesting that 
the amount of oxygen absorbed is in excess of the value 1.36 ce. 
required to convert hemoglobin to oxyhemoglobin (7). 

When carbon monoxide was substituted for oxygen, results such 
as those represented in Fig. 1 were obtained. The initial rate is 
higher than is the case with oxygen, but the final uptake is much 
lower. The last portion of the curve is nearly flat, indicating that 
the reaction is practically complete in the first few hours. How- 
ever, there is noticeable a slight constant rise which may be ac- 

















A. Hisey and D. B. Morrison 769 


counted for by (1) a possible slow continuous uptake of carbon 
monoxide, or (2) the presence of a small percentage of oxygen as 
an impurity in the gas, since strict precautions were not taken to 
eliminate it, which would cause a small amount of methemoglobin 
formation. It is of interest that the total volume of carbon mon- 
oxide absorbed, as measured on the microrespirometer, not only 
was less than the amount theoretically required to convert the 
total pigment to carboxyhemoglobin, but also was less than that 
required to saturate the active pigment actually found on analysis. 
This situation is in contrast to that with oxygen, in which more gas 
was absorbed than could be accounted for by any known mech- 
anism. The low total uptake of carbon monoxide may be ex- 
plained by failure to reach saturation or the experimental inability 
to begin reading at exact zero time. In our method of analysis, 
carboxyhemoglobin was not distinguished from oxyhemoglobin, 
and consequently reduced hemoglobin not saturated by carbon 
monoxide would have been oxygenated upon dissolving in the 
presence of air. Furthermore, the extremely sharp rise of the 
initial portion of the curve shows that the rate of uptake is ex- 
tremely rapid at that time, and a few minutes delay in beginning 
observations would noticeably affect the final figures. Although 
this error was minimized by use of the special microrespirometer, 
it could not be avoided altogether, as revealed by the spread 
between the curves shown. 

The samples exposed to carbon monoxide, when removed at the 
end of about 200 hours, and analyzed spectrophotometrically, 
showed the presence of close to 80 per cent active pigment. This 
20 per cent loss in activity is comparable to that observed in our 
early preparations of dried hemoglobin when samples were ana- 
lyzed after dissolving in the presence of air. From our expe- 
rience in that work, we believe that this loss may probably be 
accounted for by the formation of methemoglobin during the proc- 
ess of dissolving the powder in the presence of air (8). It is 
significant that after comparable exposure to oxygen the samples 
were always totally inactive. It is also significant that no de- 
naturation occurred which could be detected qualitatively by the 
solubility behavior. 

Fig. 2 is a comparison of the rate of oxygen uptake and methe- 
moglobin formation. Six samples were placed in the micro- 
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respirometers simultaneously in the presence of air. At the time 
indicated by the end of each curve, one of the samples was removed 
for spectrophotometric analysis. The percentage of methemo- 
globin formed is shown by the circles below the end of each curve, 
as referred to the scale on the right. The two abscissa scales have 
no absolute relationship to each other, but were so chosen as to 
bring the two graphs into relative superposition. Inspection 
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Fic. 2. A comparison of the rate of oxygen uptake with methemoglobin 
formation, in the presence of air. The end of each curve shows the time of 
removal of the sample for analysis. The circles represent the percentage of 
methemoglobin found in each case. The dots represent volumes of oxygen 
calculated to be required to convert 1 gm. of hemoglobin to the percentage 
methemoglobin found experimentally. 


shows that the slopes at first are nearly the same, but later di- 
vergent. This indicates that the rate of methemoglobin forma- 
tion at first coincides with the rate of oxygen uptake, but after- 
wards diminishes while the oxygen uptake continues. 

In Fig. 2 the dots below the curves represent the volume of 
oxygen calculated to be equivalent to the percentage of methemo- 
globin formed in each case. The calculation was based on the 
assumption that 1 molecule of oxygen is equivalent to 4 electrons. 
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Conant and Scott (3) have shown that the formation of methemo- 
globin is equivalent to the transfer of 1 electron. This calcula- 
tion makes possible a direct comparison of the oxygen uptake with 
methemoglobin formation expressed as cc. of oxygen per gm. of 
hemoglobin. Inspection of the curves shows that methemoglobin 
formation alone cannot explain the oxygen uptake. 

The uptake of oxygen by dried methemoglobin is shown by 
Curves 1 to 8 in Fig. 3, in which it can be seen that after an initial 
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Fie. 3. Curves of oxygen and carbon monoxide uptake by dried met- 
hemoglobin. Curves 1 to 8 were obtained with oxygen, Curves 9 and 10 
with carbon monoxide. Curve 1, human, NaOH in side arm; Curve 2, 
human, H,O in side arm; Curves 3, 4, 5, and 8, beef, H,O in side arm; 
Curves 6 and 7, beef, NaOH in side arm. 


period of fluctuation, there is a definite continuous absorption, 
proceeding at a nearly constant rate with no evidence of a maxi- 
mum. The presence of alkali in the side bulb had no detectable 
effect on the shape of the curve, indicating that carbon dioxide 
production is negligible. At the end of 200 hours, the samples 
were almost completely insoluble in water, although the original 
powder was freely soluble. The material could be dissolved by 
the gradual addition of sodium hydroxide solution, but the addi- 
tion of phosphate buffer of pH 6.6, preliminary to the conversion 
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to cyanmethemoglobin, caused complete precipitation. Addition 
of potassium cyanide to the alkaline solution caused no change in 
color. Spectrophotometric examination of the alkaline solution 
gave the curves shown in Fig. 4, which seem to be intermediate 
between those of alkaline methemoglobin and alkaline hematin as 
given by Austin and Drabkin (1). The alkalinity of the solutions 
was too great for satisfactory measurement of the pH. Such 
alkalinity is itself capable of causing rapid denaturation of hemo- 
globin, but it must be borne in mind that these samples were 
already insoluble in water before the addition of the alkali. 








-——  ISOBESTIC POINTS 
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Fic. 4. Spectrophotometric curves of alkaline solution of the end-prod- 
uct of methemoglobin exposed to oxygen. 


The substitution of carbon monoxide for oxygen gave curves 
with methemoglobin such as Curves 9 and 10 of Fig. 3, which 
showed a more prolonged initial drop followed by a very slow 
recovery. The cause of this drop is not known. At the end of 
200 hours the quantity of carbon monoxide absorbed was negli- 
gible. The samples were slowly soluble in water, and formed with 
potassium cyanide solutions having the characteristics of cyan- 
methemoglobin. 


DISCUSSION 


The mechanism by which dried hemoglobin takes up oxygen 
may be any one or a combination of the following: (1) oxyhemo- 
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globin formation, (2) methemoglobin production, (3) adsorption, 
(4) oxidation of the non-ferrous moiety of the molecule. 

Formation of oxyhemoglobin may take place as an intermediate 
or a side reaction to the oxidation of the hemoglobin. The evi- 
dence previously presented (8) shows that oxyhemoglobin is 
extremely unstable in the dry state and if any were formed it 
would rapidly break down into methemoglobin. There is no 
satisfactory method of determining oxyhemoglobin in the dry 
mixture, and no way of deciding what changes may occur during 
the process of solution. However, the rapid absorption of carbon 
monoxide by dried hemoglobin, without corresponding methemo- 
globin formation or denaturation, suggests by analogy that some 
oxyhemoglobin may be produced. The sharp initial rise of the 
absorption curve also suggests this possibility. In any event, at 
the end of 50 hours, the sole product detectable is methemoglobin. 

The formation of methemoglobin by the direct action of oxygen 
on hemoglobin in solution is a much slower reaction than the 
formation of oxyhemoglobin, and its time relations are more in 
accord with those found for the dry preparation. Brooks (2), 
studying the rate of methemoglobin production in solution in the 
presence of air, came to the conclusion that, under those condi- 
tions, oxyhemoglobin was not an intermediary in the reaction, but 
rather hindered the oxidation by lowering the active mass of the 
hemoglobin. The time relations which he found are of the same 
order of magnitude as those observed with dry preparations. 

The possibility of significant adsorption seems to be ruled out 
by the negative results obtained when water previously saturated 
with oxygen was added to the dried samples in the Warburg 
apparatus. If oxygen were adsorbed on the surface, destruction 
of the surface by solution should liberate the oxygen, but no evolu- 
tion of gas was observed. 

Oxidation of the non-ferrous moiety of the molecule is the only 
remaining possibility to account for the uptake of oxygen. Our 
data show that more oxygen is taken up than can be accounted for 
by oxidation of the iron, or even by complete conversion of the 
pigment to oxyhemoglobin which, in fact, is not present in the 
end-product. Furthermore, at the end of the longest runs the 
absorption was still proceeding with no indication of reaching a 
maximum. The denaturation of the protein after prolonged 
exposure to oxygen is evidence of change in that portion of the 
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molecule. The demonstrated slow absorption of oxygen by dried 
methemoglobin, resulting in its denaturation, similarly supports 
the idea of oxidation of the protein. The negative results obtained 
with carbon monoxide, the difference in rate between oxygen and 
air, and the previously shown prevention of inactivation by sealing 
in vacuo, point to oxygen as the causative factor in the denatura- 
tion. The influence of water upon this reaction is somewhat 
debatable. As was previously shown (8), there was always a 
residue of water in our “dry” samples amounting to 3 to 4 per 
cent, which was not removable by vacuum distillation at 38°, 
although the samples were apparently perfectly dry. Heating in 
the oven at 105° or prolonged vacuum desiccation over phosphorus 
pentoxide removed this residue, resulting in denaturation. The 
possible catalytic effect of this water, together with the water 
vapor necessarily present in the Warburg apparatus, must not be 
overlooked, but cannot be properly evaluated. 

The final picture of the uptake of oxygen by dried hemoglobin, 
as we see it, is that of two overlapping reactions: first, the produc- 
tion of methemoglobin, which is complete in 50 hours in the 
presence of pure oxygen, and is responsible for the rapid rise in the 
initial portion of the curve; second, the oxidation of the non- 
ferrous moiety of the molecule, which is relatively slow, without 
a maximum in the period studied, and results in the denaturation 
of the protein. 


SUMMARY 


1. In the presence of air, and more rapidly in the presence of 
pure oxygen, dried reduced hemoglobin takes up an excessive 
amount of oxygen and is converted to methemoglobin. 

2. After prolonged exposure to oxygen, both dried hemoglobin 
and methemoglobin are denatured, but continue to take up 


oxygen. 
3. Adsorption appears to be a negligible factor in the process. 


4. Dried, reduced hemoglobin takes up carbon monoxide rapidly 
in the first few hours, thereafter extremely slowly, and never to 
complete saturation within the time limit studied. 

5. Dried methemoglobin absorbs a negligible amount of carbon 
monoxide. 
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6. A theory of denaturation of the protein through oxidation by 
molecular oxygen is proposed. 
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A METHOD FOR THE DETERMINATION OF TOTAL 
BASE (SUM OF SODIUM, POTASSIUM, CALCIUM, 
AND MAGNESIUM) IN BLOOD 
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(From the Children’s Hospital Research Foundation and the Department of 
Pediatrics, University of Cincinnati, Cincinnatt) 


(Received for publication, August 8, 1939) 


This paper presents a new method for the determination of the 
so called total base, z.e. the equivalents of Na + K + Ca + Mg, 
in whole blood and serum or other biological material. The steps 
of the procedure are as follows: Proteins, including hemoglobin 
with its iron, are removed by precipitation with trichloroacetic 
acid. An aliquot of the trichloroacetic acid filtrate is evaporated 
to dryness, and the small amount of sulfate present is converted 
to chloride by heating with hydrazine dihydrochloride. Organic 
material is oxidized at the same time. The residue is dissolved in 
dilute hydrochloric acid and evaporated to dryness on a steam 
bath. Thus the inorganic cations are obtained as a mixture of 
chlorides and primary phosphates. Subsequent determination of 
these anions affords a measure of the total cation equivalents. 

The conversion of sulfates to chlorides by heating with hydra- 
zine dihydrochloride is based upon a reaction described by Mylius 
(1), who showed that this treatment reduced the sulfates of sodium 
and potassium with the formation of S and H,S. We have re- 
peated Mylius’ experiments, confirmed his results with sodium 
and potassium sulfates, and found the reaction also applicable to 
the conversion of calcium and magnesium sulfates. Quantities 
of around 0.15 mm of sodium and potassium sulfates are converted 
completely to chlorides when heated twice to 400° with hydrazine 
dihydrochloride. Similar quantities of calcium and magnesium 
sulfates may require four such treatments for complete conversion. 
However, the small amount of sulfate present in the trichloroacetic 
acid filtrate from blood is completely converted to chloride when 
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heated once with the reagent. During the heating to 400°, 
CaCl, is partially, and MgCl, completely, converted to oxides. 
Subsequent evaporation to dryness from an excess of HCl on a 
steam bath restores the chloride. 

Data will be presented to show that the phosphates are obtained 
as primary salts after evaporation to dryness from an excess of 
HCl, and that the determination of the sum of the chloride and 
phosphate gives the total cation equivalents in the sample. The 
phosphorus might be determined by any of the commonly used 
methods. However, another procedure was devised whereby the 
phosphorus determination may be made by titration, with prac- 
tically the same reagents as those used for the chloride determi- 
nation. The chloride and phosphate are precipitated together, as 
AgCl and Ag;PO,, by AgNO; in aqueous solution buffered by 
sodium acetate to assure complete precipitation of the phosphate. 
The precipitate is removed by centrifugation and HNO; is added 
to the supernatant fluid for titrating the excess AgNO; with 
NH,CNS. Parallel determination of the chloride alone, by pre- 
cipitation with AgNO, in the presence of HNO, permits the esti- 
mation of the phosphate equivalents by difference. The value for 
the phosphate thus determined is added to that of the chloride to 
obtain the equivalents of total base in the sample.' 

Reagents— 

0.05 n AgNO; in concentrated HNO;. Dissolve 8.495 gm. of 
silver nitrate, c.p., in a minimum amount of water and make up 
to 1 liter with concentrated nitric acid (sp. gr. 1.4). 

0.05 n AgNOs, aqueous solution. Dissolve 8.495 gm. of silver 
nitrate, c.p., in water and make to 1 liter with water. Keep in a 
brown bottle. 

Sodium acetate, 25 per cent solution. Dissolve 25 gm. of 
NaC;H;0,-3H,0, c.p., in water, make to 100 cc., and filter. 

0.1 n sulfocyanate stock solution. Dissolve 7.611 gm. of well 
preserved (colorless) NH,CNS in water and make up to 1 liter 
with water. Filter if not clear. 0.02 n NH,CNS solution used 
for titration is prepared by diluting 1 part of the stock solution 
with 4 parts of water in a volumetric flask. This is standardized 
against the 0.05 n AgNO; solutions. The AgNO;, HNOs, and 


t This step in the procedure was suggested by Dr. 8. Rapoport, who has 
contributed much helpful advice during the development of the method. 
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ferric alum should be made with water to about 12 cc. volume, for 
the titration, in order that the end-point can be read in the same 
volume as in the titration of the samples. 

1:1 HCl. Dilute concentrated hydrochloric acid with an equal 
volume of water. 

20 per cent trichloroacetic acid. Dissolve 200 gm. of reagent 
grade trichloroacetic acid and make to 1 liter. Filter and keep 
in a refrigerator. 

Hydrazine dihydrochloride crystals, Eastman Kodak Company, 
recrystallized. For recrystallization, dissolve 30 gm. of the salt in 
hot water to make a saturated solution, and filter. To the clear 
filtrate add an excess of HCl (sp. gr. 1.19). Remove the pre- 
cipitated hydrazine dihydrochloride by filtration through a Jena 
glass sintered filter, and wash with concentrated HCl until the 
filtrate is colorless. Dry the crystals on a steam bath until HCl 
fumes no longer are perceptible, or dry at 110° for 5 hours. Pre- 
serve the crystals in a glass-stopped bottle, protected from light. 

Ferric alum solution. Place approximately 400 gm. of pow- 
dered Fe2(SO,)s(NH,)2S0,-2H;0 in a 1 liter bottle. Add 50 ce. of 
concentrated HNO; and 950 cc. of water. Rotate the bottle to 
dissolve the salt. 


Procedure 


For deproteinization of the sample with trichloroacetic acid, a 
dilution of 1:25 is used in order to minimize the error due to the 
mass of the protein precipitate. To 2.5 cc. of 20 per cent tri- 
chloroacetic acid in a 25 cc. volumetric flask, add 1.0 cc. of whole 
blood or serum and shake. Make to volume with distilled water 
and mix. Foam may be dispelled by touching it with a wire 
dipped in caprylic alcohol. Filter through ashless filter paper 
(Whatman No. 42). Larger samples may be precipitated, with 
proportionate amounts of trichloroacetic acid and similarly diluted 
1:25, for duplicate determinations of the total base or when addi- 
tional analyses are to be made on the trichloroacetic acid filtrate. 
A blank with blood omitted should be carried through the pro- 
cedure. 

Measure 20 cc. of the filtrate, equivalent to 0.8 cc. of the sample, 
into a platinum or sillimanite crucible, and evaporate to dryness 
on a steam bath. This drying should be thorough, continued 
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overnight if possible, to evaporate the trichloroacetic acid com- 
pletely and reduce to a minimum the sputtering that may occur 
later in the furnace. Remove from the steam bath, and add about 
5 ec. of water and approximately 0.08 gm. of hydrazine dihydro- 
chloride. This can be measured sufficiently accurately from the 
tip of a spatula. In order to deliver the same amount into each 
crucible in a series, the total amount required can be dissolved in 
a small amount of water and aliquots of the solution transferred 
to the crucibles by pipette. Evaporate the contents of the cru- 
cibles to dryness on a steam bath (the hydrazine dihydrochloride 
crystals melt in the final stage of this treatment), and then cover 
each crucible with a watch-glass and place in a cold furnace.’ 
Raise the temperature to 400° and leave for a few hours, until the 
ash is white or nearly so. Allow the crucibles to cool, rinse each 
watch-glass into its crucible with 1:1 HCl, and again evaporate to 
dryness, leaving the crucibles on the steam bath for about 2 
hours after they appear to be dry. 

Into each crucible measure exactly 10 cc. of water and stir with 
a glass rod. From each crucible transfer 5.0 cc. (= 0.4 ce. of 
sample) to a 10 cc. volumetric flask, A, for the determination of 
chloride, and 4.0 ec. ( = 0.32 ec. of sample) into a 10 cc. volumetric 
flask, B, for the combined determination of chloride plus phos- 
phate. To Flask A add 3.0 cc. of 0.05 n AgNO; in concentrated 
HNO;. To Flask B add 3.0 ce. of 0.05 nN AgNO; in aqueous 
solution, and 1 cc. of sodium acetate solution. Shake the flasks 
to coagulate the precipitates. Make to volume with distilled 
water (first bring Flask A to room temperature). Stopper and 
mix. 

The precipitate in Flask B must be removed before HNO, is 
added for titration of the excess AgNO; with NH,CNS. The 
precipitate in Flask A also is removed before the titration, in order 
to exclude fading of the end-point due to the presence of AgCl (2). 
Because filtration through filter paper was found to lead to losses 
of silver entailing errors of around 3 per cent with Filtrate A, and 
around 4 per cent with Filtrate B, centrifugation is used to separate 
the precipitates. The supernatant fluids must be clear. 


2 In the absence of a furnace, heating of the crucibles after the addition 
of hydrazine dihydrochloride may be performed by hand over the flame 
of a Bunsen burner, if this is done carefully, as described by Mylius (1). 
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Transfer the contents of the flasks to conical 15 cc. centrifuge 
tubes and centrifuge. From the supernatant fluid of Flask A, 
place 8.0 cc. in a 50 ec. centrifuge tube, and add 2 cc. of water and 
2 cc. of ferric alum solution. From the supernatant fluid of 
Flask B, place 8 ce. in a 50 ce. centrifuge tube, and add 2 ce. of 
concentrated HNO; and 2 ce. of ferric alum solution. From 
Flasks A and B of the blank, take only 4.0 ce., instead of 8 ce. 
This is for convenience to avoid refilling the 5.0 cc. burette in the 
titration. Add to this (the blank) 4 ec. of water in order to have 
as nearly as possible identical conditions in all samples for esti- 
mating the end-point color in the NH,CNS titration. Cool the 
solutions to room temperature and titrate the blank (Flasks A 
and B) and samples (Flasks A and B) to the same end-point 
with 0.02 n NH,CNS from a burette (5.0 ec. capacity) grad- 
uated to 0.01 ce. 


Calculations 


I. (Ce. eens A X 10/4 — ec. Sample A X 10/8) X 50.0* = m.eq. per 
liter, Ag precipitated as AgCl 
*50.0 = 0.02 (normality NH,CNS solution) X 1000/0.40 (ec. of sample 
titrated). 


II. (Ce. Blank B X 10/4 — ec. Sample B X 10/8) X 62.5* = m.eq. per 
liter, Ag precipitated as AgCl and Ag,PO, 
*62.5 = 0.02 (normality NH,CNS solution) X 1000/0.32 (cc. of sample 
titrated). 


Ill. ((1I) — (1))/3 = m.eq. per liter, cations accounted for as H,PO; 
IV. (I) + (IID = m.eq. per liter, total base 


EXPERIMENTAL 


Data are presented in Table I to show that phosphates are ob- 
tained as primary salts, under the conditions prescribed in the 
procedure. To 0.1 mm samples of NaCl, varying amounts of 
phosphate were added as KH,PO, or NagHPO,. A few drops of 
concentrated HCl were added to each, and the solutions were 
evaporated to dryness on the steam bath. The residues were dis- 
solved in water (the pH of the solutions was 4.4), made to suitable 
volume, and aliquots were taken for the determination of Cl and 
P according to the procedure described for the determination of 
total base. The values thus determined for the equivalents of 
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Cl and P (phosphates calculated as H,PO,-) and their sums (the 
total base) agreed closely with the theoretical amounts present in 
each sample. 

The method has been tested by determinations of the total base 
in a solution made up to contain, in milliequivalents per liter, 
Na 143.5, K 5.0, Ca 5.1, and Mg 2.5, thus making its calculated 
total base content 156.1 milliequivalents per liter. The phos- 
phorus content was 65.0 mg. per 100 cc., corresponding to the 
maximum that might be found in whole blood. Fourteen deter- 
minations of total base in this solution gave values ranging from 
154.0 to 158.0 milliequivalents per liter, with a mean of 156.2 + 
0.2 and standard deviation of 1.2 + 0.2. 


Taste | 
Determinations of Chloride, Phosphate, and Total Base in 1.0 Cc. Samples 
of 0.1 m NaCl Solution, after Addition of KH,PO, or Na,HPO, and 
Evaporation to Dryness from Excess of HCI 











Found 
Added to sample of NaCl i : ° 
cl P Total base 
mM mM | mM m.eq. 
per l. | per l. per l. per i. 
KH,PO, 42 | 100.2 | 41 104.3 
12.6 100.2 12.6 112.8 
16.8 100.2 17.5 117.7 
21.0 100.2 20.8 121.0 
Na,HPO, 10.8 110.8 | 10.7 121.5 








Various types of blood which came to hand in divers experi- 
mental and clinical studies during the past 2 years have been 
analyzed for total base by this method with satisfactory results. 
In twenty-two samples of whole blood and serum, concentrations 
of Na, K, Ca, and Mg were determined separately in the same 
trichloroacetic acid filtrates as those used for the determination of 
total base, and their sums were compared with the corresponding 
total base values. Sodium was determined by the method of 
Butler and Tuthill (3); potassium by the method of Shohl and 
Bennett (4), with modifications recommended by Fenn et al. (5); 
calcium by the method of Fiske and Logan (6); and magnesium 
by Brigg’s method (7). Preliminary to the determination of 
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sodium in the trichloroacetic acid filtrates of whole blood, phos- 
phates were removed with Ca(OH):. Before magnesium was 
precipitated in the calcium-free filtrate, oxalate was removed by 
ashing. 

Taste Il 
Analyses of Whole Blood and Serum from Different Subjects. Values for 


Total Base Compared with Sums of Bases (Na + K + 
Ca + Mg) Determined in Same Samples 












































: Volume Sum Total 

Subject | Sample oie Na | K | Ca Mg xk en 

| per cont! Sori.| perl.| porl.| perk.| pork. | perl 

Rabbit, normal | Whole blood| 39.5 | 91.6) 43.8] 5.6 | 5.8 a 147.9 

Serum 142.6, 4.5) 9.1 | 4.0 | 160.2) 159.3 

Human, “ Whole blood! 41.4 | 89.2) 44.2) 3.2 | 3.8 | 140.4) 187.3 

Serum 140.9} 4.3) 5.3 | 2.5 | 153.0) 149.3 

o as Whole blood) 44.4 | 83.4) 47.9) 3.3 | 4.2 | 138.8] 138.3 

Serum 139.0} 4.8) 5.6 | 2.6 | 152.0) 152.6 

e as Whole blood) 43.2 | 83.2) 47.4) 3.6 | 3.3 | 137.5) 189.9 

Serum 142.1) 5.0] 6.3 | 2.2 | 155.6) 158.6 

“ — poly- | Whole blood) 58.8 | 67.7) 69.3) 3.2 | 5.0 | 145.2) 146.9 

cythemia vera) Serum | | 141.1) 6.7| 6.3 | 3.8 | 157.9) 157.3 
Taste III 


Statistical Data on Differences between Values for Sums of Na + K + Ca + 
Mg and Total Base, Determined in Same Samples (Eleven) 
of Whole Blood and Serum 




















Sums of bases | Totalbase /Mean difference 
Material . seen | »? 
Mean (s.p.) Mean (s.p.) base) 
nnaliien m.eq. per l. | m.eq. per l. 
Whole blood...... | 145.1 + 6.6 | 145.4+6.9 | —0.3091 0.8-0.7 





| 


Serum...... ...) 158.245.7 | 158.146.3 | 0.0545 |>0.9 








p = percentage chance that a deviation as great as or greater than 
that observed would arise by chance alone, any value of p less than 0.05 
being significant (Fisher (8)). 


Typical results obtained in such studies are presented in Table 
II. These data represent samples of normal rabbit and human 
whole blood and serum, and whole blood and serum from a patient 
with polycythemia vera. The last is presented because of its 
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high cell volume. In each set of analyses, whether of whole blood 
or serum, the value for total base agrees closely with the sum of 
the bases determined in the same sample. 

The data in Table III show the degree of agreement that was 
found between values for total base and the sums of Na + K + 
Ca + Mg, determined in eleven samples of whole blood and eleven 
samples of serum according to the methods just cited. The 
statistical analysis was made by Estelle W. Brown, according to 
the methods of Fisher (8). Since each pair of values (total base 
compared with the sum of the bases) was determined on the same 
sample, it was possible to use Fisher’s methods for testing the 
significance of the mean difference found between such values, de- 
rived from a small number of observations. The values of p 
calculated for each set of data indicate that there was no significant 
difference between the sums of the bases and the values for total 
base thus determined in the same samples of whole blood or serum. 

This method also has been used in the analysis of urine and 
tissues, with minor modifications. With certain abnormal urines 
containing little chloride and much phosphorus, it is necessary to 
add a known amount of NaCl to the sample. Otherwise, the 
procedure for urine analysis is the same as for blood. As an 
example of tissue analysis, the following may be cited. 21.03 gm. 
of rabbit liver were ground in a mortar with acid-washed sand, 
and extracted with 200 cc. of 5 per cent trichloroacetic acid by 
successive washings through filter paper. Analysis of this filtrate 
by the methods cited above gave the following results, Na 41.0, 
K 68.6, Ca 6.2, Mg 15.8, and their sum, 131.6 milliequivalents per 
1000 gm. of wet weight of the sample. The total base content, 
determined in the same filtrate, was 128.8 milliequivalents per 
1000 gm. of the wet tissue. The phosphorus content was 38.4 
mm per 1000 gm., determined by the AgNO, titration in the total 
base determination, and checked by the Fiske-Subbarow method 
(9). 

When first adapting the conversion of sulfates to chlorides, by 
means of hydrazine dihydrochloride as described by Mylius (1), 
to the determination of total base, we attempted to use sulfuric- 
nitric acid digests of whole blood and serum. These were prepared 
according to Van Slyke, Hiller, and Berthelsen (10), and phos- 
phorus was removed by precipitation with ferric alum according 
to Kirjan (11). An aliquot of the filtrate obtained after the ferric 
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alum precipitation was evaporated to dryness, the ammonium 
sulfate driven off by heat, and the sulfates were converted to 
chlorides by heating twice with hydrazine dihydrochloride to 
400°. The residue was evaporated to dryness from an excess of 
HCl, and its chloride content was then determined as a measure of 
the total cation equivalents. This procedure gave satisfactory 
results with serum containing little phosphorus. In the case of 
whole blood or other material containing much phosphorus, how- 
ever, the removal of phosphorus with ferric alum led to consider- 
able errors, owing to coprecipitation of calcium and magnesium. 
After a considerable amount of experimentation, the use of acid 
digests was given up in favor of the shorter and more accurate 
procedure with the trichloroacetic acid filtrate. 


SUMMARY 


A method for the determination of total base (Na + K + Ca + 
Mg) in whole blood, serum, and other biological material has been 
described. After deproteinization of the sample with trichloro- 
acetic acid and conversion of the sulfates to chlorides by heating 
with hydrazine dihydrochloride, the bases are obtained as a mix- 
ture of chlorides and primary phosphates. Determination of the 
Cl and P then affords a measure of the total cation equivalents. 
Chloride is determined by the Volhard titration. The sum of 
the chlorides and phosphates is determined similarly, after pre- 
cipitation with silver nitrate buffered by sodium acetate, and 
the phosphates are obtained by difference. 
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ANTIHEMORRHAGIC ACTIVITY OF 2-METHYL-1, 
4-NAPHTHOQUINONE 


Sirs: 


Since the discovery of the antihemorrhagic activity of phthiocol, 
2-methyl-3-hydroxy-1 ,4-naphthoquinone, we have repeatedly 
assayed the compound 2-methyl-1 ,4-naphthoquinone but have 
only recently arrived at the minimum required level because of 
the amazingly high activity of the compound and an irregularity 
in the results at low levels which has been encountered in no 
other instance in our assay procedure. This irregularity has been 
characterized by apparently reproducible results in certain assays 
and highly variable results in others. 

That 2-methyl-1 ,4-naphthoquinone may be lost from the diet 
is indicated by the results of experiments in which it was added 
to the diet as a solution in ethanol, in Wesson oil, in cod liver oil, 
in methyl laurate, and in mineral oil. 5 cc. of each solvent con- 
taining 0.5 mg. of 2-methyl-1 ,4-naphthoquinone were added to 
each kilo of diet. The reference standard at two levels was also 
included in the assay.'. The apparent activities of 2-methyl-1 ,4- 
naphthoquinone were decidedly greater in the cases of cod liver 
oil and Wesson oil and lowest in the case of ethanol; however, all 
values were far below the activity determined by oral administra- 
tion, as described below. 

To avoid these losses of activity we have given depleted chicks 
their daily dose orally for 4 days and have determined prothrombin 
time on the 5th day according to the procedure used in our dietary 
assay method.'! In the same way a standard supplement was fed. 
Each chick dose of 2-methyl-1,4-naphthoquinone and vitamin 


1 Almquist, H. J., and Klose, A. A., Biochem. J., 33, 1055 (1939). 
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K, was dissolved in 1 drop of ethyl laurate. Fresh solutions 
were made daily. Two separate assays were conducted. The 


results are given in the accompanying table. 


Average prothrombin 


A t No. of chicks 
Substance aap diah —_ 
per day —— 
Assay! Assay2 Assay 1 Assay 2 
¥ sec. sec. 
2-Methyl-1, 4-naphthoquinone 2 7 s 29.1 28.1 
x } 7 8 446 44.8 
2 s s 43.6 43.7 


Vitamin K, 


The vitamin K, employed was obtained from Professor P. 
Karrer (June 14, 1939). Its activity expressed as ec. of our 
reference standard solution (1 ce. represents 1 gm. of standard 
dried alfalfa) had been determined as 63,500 and 61,800 per gm., 
while a sample of vitamin K, received from Professor E. A. Doisy 
(June 4, 1939) gave values of 66,000 and 59,700 in our usual 
method of assay.' The two preparations were of equivalent high 
activity which has not appreciably diminished since they were 
received. The average of these four values is close to 63,000. 
By interpolation! the activity of 1 microgram of vitamin K, 
is found to be equal to 0.265 microgram of 2-methyl-1 ,4-naph- 
thoquinone in the first assay and 0.259 microgram in the second. 
In terms of the reference standard, the activity of 2-methyl-1 ,4- 
naphthoquinone is approximately 240,000. These results are in 
agreement with the recent report of Fernholz and Ansbacher* 
that 2-methyl-1 ,4-naphthoquinone is more active than vitamin 
K, by their method of assay. However, they made no concurrent 
comparison with vitamin K, or a reference standard. 

In accordance with the suggestion of Thayer ef al.* that 1 unit 
be defined as the antihemorrhagic activity of 1 microgram of 
pure 2-methyl-1 ,4-naphthoquinone, vitamin K, would have an 
activity of 262 units per mg. It is evident that vitamin K, 
has less activity than its equivalent content of 2-methyl-1 ,4- 


? Fernholz, E., and Ansbacher, 8., Science, 90, 215 (1939). 

* Thayer, 8. A., Binkley, 8S. B., MacCorquodale, D. W., Doisy, E. A., 
Emmett, A. D., Brown, R. A., and Bird, O. D., J. Am. Chem. Soc., 61, 
2563 (1939). 
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naphthoquinone (38 per cent) and that the presence of a phytyl 
side chain on the 3 position’: * has not enhanced but rather de- 
tracted from the activity of the 2-methyl-1 ,4-naphthoquinone 
nucleus. In view of these facts, the synthesis of the more expen- 
sive and less active vitamin K, would seem to have little practical 
value. 


Division of Poultry Husbandry H. J. Atmquist 
College of Agriculture A. A. Kiose 
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A DERIVATIVE OF VITAMIN K, 


Sirs: 


During studies on the alkaline hydrolysis of vitamin K, made 
with the view of isolating some derivative of the vitamin to fur- 
nish evidence of its structure, there was obtained an oily, pig- 
mented, acidic substance, yellow in solution as the acid and 
reddish brown in the form of the ion. On the basis of this colored 
ion, we were able to show a correlation between the color reaction 
and the vitamin K activity of various concentrates. It further 
appeared that the reddish brown color stage was the end-point 
of the purple Dam-Karrer color reaction for vitamin K.! 

Several preparations of this pigment have been obtained. The 
first stage in the isolation process consisted of prolonged hydrolysis 
of a concentrate with dilute hydrochloric acid in acetone. Upon 
the addition of hexane and water, there appeared a purple pig- 
ment which was preferentially soluble in the aqueous acetone 
layer. Quantitative assay showed that all the antihemorrhagic 
activity of the original material passed into the hexane layer, the 
vitamin K not being destroyed by the treatment. Several wash- 
ings with very dilute alkali and water followed to remove any 
fatty acids or glycerol. 

The remaining oil was then hydrolyzed in dilute sodium 
methylate. During this step there appeared an intense purple 
color which gradually changed to the permanent reddish brown. 
The alkaline solution was washed repeatedly with hexane, and 
then slightly acidified and extracted with hexane. During this 
process the pigment turned yellow and passed into the hexane 
phase. The hexane solution was repeatedly washed with dilute 
sodium hydroxide solution and then with water. No reddish 
coloration appeared in the alkaline washings, indicating absence 
of phthiocol. The pigment was then transferred several times 
between hexane and methanol by altering the hydrogen ion 


1 Almquist, H. J., and Klose, A. A., J. Am. Chem. Soc., 61, 1610 (1939). 
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concentration, and was finally recovered from hexane solution 
and distilled in a molecular still. Several molecular weight 
determinations by the camphor method of Rast and in one in- 
stance by the use of cyclohexane’ indicated values in the neigh- 
borhood of 500. Analyses for carbon and hydrogen gave C 75.0, 
74.2, 76.4; H 11.1,? 10.5,° 10.7;° calculated for Cy,;Hs0O.4, C 76.6, 
H 10.4. 

The formula C3,H590, is, of course, entirely provisional. The 
molecular weight of such a compound would be 486.4, which is 
within the range of variation of the molecular weight determina- 
tions. In comparison, vitamin K, is probably C3,H4O2; molecu- 
lar weight 450.4.4:5 The results indicate that during the alkaline 
hydrolysis of the vitamin no appreciable portion was split off; 
rather, there was an increase in molecular weight and a change in 
the analysis, suggesting an addition of 2 oxygen atoms and per- 
haps several hydrogen atoms. At least 1 of these oxygen atoms 
is probably phenolic. 

The fact that there was no appreciable splitting of the vitamin 
rather strongly indicated that the side structure attached to the 
recognized 1 ,4-naphthoquinone nucleus*:’ was held by a carbon- 
to-carbon bond. For this side structure, the phytyl group is 
such a logical choice from every standpoint that elaborate argu- 
ments in its favor seem unnecessary. 

When it became evident that 2-methyl-1 ,4-naphthoquinone 
possessed noteworthy activity, we proceeded with the synthesis 
of 2-methyl-3-phytyl-1 ,4-naphthoquinone,‘ several very active 
preparations of which have been completed. This compound is 


2 We are indebted to Merck and Company, Inc., Rahway, New Jersey, 
for these determinations. 

3 Analyses by Carl Tiedcke, New York. 

* Almquist, H. J., and Klose, A. A., J. Am. Chem. Soc., 61, 2557 (1939). 

5 Binkley, 8. B., Cheney, L. C., Holeomb, W. F., McKee, R. W., Thayer, 
8S. A., MacCorquodale, D. W., and Doisy, E. A., J. Am. Chem. Soc., 61, 
2558 (1939). 

* Almquist, H. J., and Klose, A. A., J. Am. Chem. Soc., 61, 1611 (1939). 

7 Binkley, 8S. B., MacCorquodale, D. W., Cheney, L. C., Thayer, 8. A., 
McKee, R. W., and Doisy, E. A., J. Am. Chem. Soc., 61, 1612 (1939). 
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probably identical with vitamin K,‘:*:* and our purest prepara- 
tions have shown approximately the same degree of activity as 
vitamin K,. 
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College of Agriculture A. A. Kose 
University of California 
Berkeley 


Received for publication, September 25, 1939 
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| sponses to the constituent parts 

| of pantothenic acid, 417 
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Acetone body: Utilization (Mrir- 
sky, NELSON, and Gray- 
MAN) 179 
-, feeding and nephrectomy 
effect (Mirsky, NELSON, 
and GRAYMAN) 179 

—, glucose and nephrectomy 
(Mirsky, NeELsonN,§ and 
GRAYMAN) 

Adrenal: Insufficiency, tissue 
electrolytes (Darrow, Har- 
RISON, and TAFFEL) 487 

Albumin: Blood serum, deter- 
mination, colorimetric 
(Looney and WatsH) 635 

Egg. See Egg albumin 

Alfalfa: Vitamin K, identification 
(MacCorquopaLe, McKee, 
BINKLEY, CHENEY, HoL- 
comB, THAYER, and Dorsy) 

433 

Alkaloid(s): Ergot (Jacoss and 
GouLpD) 399 

Amino acid(s): a-, synthesis, 
ethyl benzamidomalonate 


use (REDEMANN and Dunn) | 


341 


Salts and, interaction (JosEPH) | 
Barium chloride: Activity deter- 


203 


Solution, barium chloride ac- | 
tivity determination, elec- | 


trolytic (JosEPH) 203 
—, calcium chloride activity 
determination, electrolytic 
(JOSEPH) 203 


179 | 


| Amino acid(s)— continued: 


Solution, strontium chloride 
activity determination, elec- 
trolytic (Josern) 203 

Androgenic substance(s): Urine, 
ovariectomy effect (Hirscu- 
MANN) 421 

Androsterone: Dehydroiso-, de- 
termination, spectrochemical 
(Lanestrotu, TaLsort, and 
FINEMAN) 585 

Determination, spectrochemi- 
cal (LANGsTROTH, TALBOT, 


and FINnEMAN) 585 
Testosterone conversion 
(DorrMan, Cook, = and 
HAMILTON) 285 


Apparatus: Colorimeter, photo- 
electric, test-tube (SuMMER- 
SON) 149 

Ashing: Tissue, soft, determina- 
tion (BUELL) 357 

Aspartic acid: Corynebacterium 
diphtheriz, configuration 
(CHARGAFF) 29 

Phytomonas tumefaciens, config- 
uration (CHARGAFF) 29 


B 
mination, electrolytic, amino 


acid solutions (Josern) 
203 


| Base: Total, blood, determina- 


tion (Leva and Gugst) 
777 
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Bean: See also Castor bean 

Benzyl-/-cysteine: Racemization 
(Woop and pu ViGNEAUD) 
109 
Betaine: Liver phospholipid me- 
tabolism, influence, radioac- 
tive phosphorus as indicator 
(PERLMAN and CHAIKOFF) 
593 
Blood: Base, total, determina- 

tion (Leva and Guest) 
777 
Fat, neutral, castor bean lipase 
action (KELSEY) 
—,—, pancreatic lipase action 
(KELSEY) 199 
Globins, cystine, species dif- 
ferences (Bracu, Bern- 


and Macy) 
—, methionine, species differ- 


and 
115 


HumMe., WILLIAMS, 


: Macy) 


; ences (BEAcH, BERNSTEIN, 
: Hume, WILLIAMS, 
Macy) 115 
‘ Lipids, pancreatic duct liga- 
y tion, effect 
CHAIKOFF, 
GOMERY) 
Oxygen saturation determina- 
tion, spectroscopic (HALL) 
573 


and Mont- 


case use (BLAucH and Kocn) 


443 
} — —, in vitro, uricase use 
d (Braucnw and Kocn) 455 
p Xanthine oxidase (BLavcn, | 
| Kocu, and Hanke) 471 | 
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‘ 





199 | 


} sTEIN, HumMEL, WILLIAMS, | 
115 | 


i ences (BrEacu, BERNSTEIN, | 


—, sulfur, total, species differ- | 


and | 


(ENTENMAN, | 


121 | 


Uric acid determination, uri- | 
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_ Blood cell: Red, cozymase syn- 
thesis from nicotinic acid, 
effect (KoHN and KLEIN) 1 

-—, factor V synthesis from 
nicotinic acid, effect (Koun 


and KLEIN) l 
| Blood serum: Albumin deter- 
mination, colorimetric 


(Looney and WatsH) 635 
Globulin determination, colori- 
metric (Loonry and WALsH) 
635 

Sodium determination, phos- 
phorus effect (HaLtp) 133 
Bromide: Extracellular fluid 
determination, use (Brop1eg, 
Branp, and LesHIn) 555 
_Bromoacetyl sugar(s): Silver 
salts, organic acids, action 
(Trpson) 55 


Cc 


| Cabbage: Leucylpeptidase 
(BercGer and JoHNSON) 
655 
| Calcium: Assimilation, orange 
juice effect (LANForD) 87 


| Calcium chloride: Activity de- 


termination, electrolytic, 
amino acid solutions 
(JOSEPH) 203 
Cancer: See also Tumor, malig- 
nant 
_ Carbohydrate: Metabolism, 
Staphylococcus aureus 
(FRIEDEMANN) 61 
| —, streptococci (FRIEDEMANN) 
757 


Carbon dioxide: Tissue, deter- 
mination (DANIELSON and 
HAsTINGs) 349 
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Growth factor, nutri- 


Cartilage: 
tion, chick (Heestep, OLE- 
son, ELVeEnJEM, and Hart) 

423 

Castor bean: Lipase, blood neu- 





tral fat, action (KeELsEy) 
199 

—, specificity, lipid analyses | 
(KELSEY) 187 | 
Cation(s): Tissue, soft, deter- | 
mination (BUELL) 357 
Chloride: Biological _ fluids, 
determination, micro- 
(SenpDRoY) 605 
Choline: Esterase, specificity 
(GuIckK) 527 
Coconut oil: Fatty acids (LoNGE- 
NECKER) 167 


Colorimeter: Photoelectric, test- 





tube (SUMMERSON) 149 


Colorimetry: Colorimeter, photo- | 


electric, use (SuMMERSON) 


Corn: See also Maize 
Corynebacterium diphtheriz: 
See Diphtheria bacillus 
Cozymase: Synthesis from nico- | 
tinic acid, blood cell, red, | 
effect (Konn and Kuen) 1 | 
Creatine: Metabolism (MILLER, | 
ALLINSON, and BAKER) 383 
(Baker and MILLER) 393 
Tissue (BAKER and MILLER) 


393 | 

—, determination, enzymatic | 

(MILLER, ALLINSON, and | 

BAKER) 383 | 
Creatinine: Metabolism (Mu1- 

LER, ALLINSON, and BAKER) | 
383 

(Baker and Miuuer) 398 | 


Tissue (Baker and MILLER) | 
393 


149 | 
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Creatinine—continued: 

Tissue, determination, enzy- 
matic (MILLER, ALLINSON, 
and Baker) 383 
Cysteine: Benzyl-l-, racemization 
(Woop and pu VigNEaAuD) 
109 

Decomposition (Rovutsa) 297 

Gonadotropic hormones, effect 


(FRAENKEL-ConraT, Srp- 
son, and Evans) 243 
Sugars and, combination 
(ScHUBERT) 601 
Cystine: Blood globins, species 
differences (Beacn, BeErn- 


STEIN, HumMeL, WILLIAMS, 
and Macy) 115 
preparation (Woop and 
pu VIGNEAUD) 109 
Homo-, methionine replace- 
ment by, vitamin B com- 
plex supplement, relation 
(pu Viengaup, Dyer, and 
Krgs) 325 
Insulin, acid sensitivity (Su1- 
LIVAN and Hess) 745 
—, determination, colorimetric 
and pclarographic (SuuLui- 
vAN, Hess, and Smirxa) 741 
Methionine conversion, radio- 
active sulfur as indicator 
(Tarver and Scumipt) 67 
Protein hydrolysates, deter- 
mination, micro-, polaro- 
graphic (Stern, Beacu, and 
Macy) 733 
Cytochrome: C, enzyme reduc- 
tion (Haas, Horecker, and 
HoGness) 425 
—, oxidase, soluble (ALTSCHUL, 
ABRAMs, and HoGness) 
427 
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Dehydroisoandrosterone: De- | 
termination, spectrochemi- | 
cal (LanestrotTH, TALBOT, | 


and FInEMAN) 585 
Diacetyl 8-benzylglucoside: 2 ,3- 
(Raymonp, Tipson, and 
LEVENE) 47 
derivatives (RAYMOND, 


Trpson, and LEVENE) 47 


Dihydrotheelin: Urine, preg- 


nancy, isolation (SMITH, | 
Smita, HurrMan, THAYER, | 
MacCorqQuopDALeg, and | 


Doisy) 431 


Dimethylergoline: 6,8-, syn- | 


thetic, lysergic acid base, 
comparison (Jacoss and 


GouLpb) 399 | 


Diphtheria bacillus: Aspartic acid 
configuration (CHARGAFF) 


29 | 


Glutamic acid configuration 
(CHARGAFF) 29 
E 


Egg albumin: Guanidine salts, | 
effect (GREENSTEIN) 519 | 


Electrolyte(s): Tissue, adrenal 
insufficiency (Darrow, Har- 


RISON, and TarFFeL) 487 | 
Enzyme: Cytochrome C reduc- | 


tion (Haas, Horecker, and 
HoGNgEss) 425 


New (Haas, Horecker, and | 


HoGngEss) 425 
Proteolytic, spleen, beef 
(Fruton and BERGMANN) 


19 
—, tissue (FruTon = and 
BERGMANN) 19 
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| Enzyme—continued: 


Tissue creatine determination 
(MILLER, ALLINSON, and 
BAKER) 383 

— creatinine determination 
(MritteR, ALLINSON, and 
BaKER) 383 

See also Cozymase, Esterase, 
Invertase, Leucylpeptidase, 
Lipase, Oxidase, Papain, 
Peptidase, Trypsin, Uricase 

Ergoline: 6,8-Dimethyl-, syn- 
thetic, lysergic acid base, 
comparison (Jacoss and 


GouLp) 399 
Ergot: Alkaloids (Jacoss and 
GouLp) 399 


| Erythrocyte: See Blood cell, red 
| Esterase: Choline, specificity 
(GLICK) 527 
| Estrogenic substance(s): Con- 
jugated, urine, pregnancy, 
hydrolysis (Epson and 
HEARD) 579 
| Oxygen in Ring B (Peari- 
MAN and WINTERSTEINER) 
35 
| Estrone: 7-Hydroxy- (PEARLMAN 
and WINTERSTEINER) 35 
| J-Keto- (PEARLMAN and 
WINTERSTEINER) 35 
_ Ethyl benzamidomalonate: a- 
Amino acids, synthesis, use 
(REDEMANN and Dunn) 

341 
| Exercise: See also Muscle, Work 
| Extracellular fluid: Determina- 
tion, bromide use (Bropie, 
Branp, and LesHin) 555 


F 


Factor V: Synthesis from nico- 
tinic acid, blood cell, red, 
effect (KouNn and Kien) 1 

















Subjects 


Fat: Neutral, blood, castor bean 
lipase action (KEeLsey) 
—,—, pancreatic lipase action 


(KELsEy) 199 
Fatty acid(s): Coconut oil 
(LONGENECKER) 167 
Low molecular weight, de- 
position and _ utilization | 
(LONGENECKER) 167 
Food: Acetone bodies, utilization, 
nephrectomy and, _ effect 
(Mirsky, Newson, and 
GRAYMAN) 179 
G 

Gas(es): Solubility, liquids, de- 
termination, manometric | 
(VAN SLYKE) 545 


Globin(s): Blood, cystine, species 
differences (Beacn, BeErn- 
STEIN, HuMMEL, WILLIAMS, 
and Macy) 115 

—, methionine, species differ- 
ences (Beacu, BERNSTEIN, 
HumMe.t, WILLIAMS, and 
Macy) 115 

—, sulfur, total, species differ- 
ences (Bracu, BERNSTEIN, 
HumMEL, WILLIAMS, and 
Macy) 115 

Globulin: Blood serum, de- 
termination, colorimetric 
(Looney and WatsH) 635 

Glucose: Acetone bodies, utili- 


zation, nephrectomy and, 
effect (Mirsky, NELSON, | 
and GRAYMAN) 179 


Substitution, position 4 (Ray- 
MOND, Tipson, and LEVENE) 
47 

B-Benzyl, 2,3-di- 
and = derivatives 
Tipson, and 
47 


Glucoside: 
acetyl, 


(RayYMonD, 
LEVENE) 


199 | 
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| Glutamic acid: Corynebacterium 
| diphtheriz, configuration 
(CHARGAFF) 29 
Phytomonas tumefaciens, con- 
figuration (CHARGAFF) 29 
| Tumor tissue, malignant, na- 
ture (Waite and Wuirte) 
435 

Tumors, malignant (Grarr) 
13 

Glycogen: Maize seed (Morris 
and Morris) 535 
Gonadotropic hormone(s): Cys- 


teine effect (FRAENKEL- 
ConratT, Simpson, and 
Evans) 243 


| Growth: Factor, cartilage, nutri- 


tion, chick (Hrestep, OLE- 
son, ELvensem, and Hart) 
423 
Phosphorus-deficient diet, ef- 
fect (Day and McCo.iium) 
269 
Sulfur-containing compounds, 
utilization (Rose and Rice) 
305 
Guanidine salt(s): Egg albumin, 
effect (GREENSTEIN) 519 

| H 
Hemoglobin: Dried, oxygen up- 
take (Hisey and Monrkrt- 
SON) 763 
Hemorrhage: Anti-, activity, 
2-methyl-1 , 4-naphthoquinone 
(Atmquist and Kiosg) 787 
| Hexitol(s): O-Methylated, par- 
tially (Trpson and Levene) 
235 
Homocystine: Methionine re- 
placement by, vitamin B 
complex supplement, relation 
(pu Viengaup, Dyer, and 
Krgs) 325 
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Hydroxyestrone: 7- (PEARLMAN 
and WINTERSTEINER) 35 


I 


Indole: Trimethylene-, deriva- 
tives, preparation (GouLpD 
and Jacoss) 407 

Insulin: Cystine, acid sensitivity 
(SuLLIVAN and Hess) 745 

—, determination, colorimetric | 
and polarographic (SuLLI- | 
vAN, Hess, and Smirn) 741 | 

Invertase: Activity (Man- | 





CHESTER) 439 | 
Iodate: Protein-free solutions, 
determination, micro- | 
(SENDROY) 605 
Iodine: Protein-free solutions, 
determination, micro- 
(SENDROY) 605 


Isotope(s): Radioactive, mineral 
metabolism indicator (Coun 


and GREENBERG) 625 

K 
Ketoestrone: 7- (PEARLMAN and 
WINTERSTEINER) 35 

L 


Leucine: /( —)-, isotope-contain- 
ing, body protein metab- | 
olism indicator (ScHOEN- | 


HEIMER, RATNER, and | 
RITTENBERG) 703 
Leucosis: Tumors, polysac- 
charide (KaBaT) 143 | 

Leucylpeptidase: Cabbage | 

(Bercer and JoHNsON) 

655 | 

Malt (Bercer and Jonnson) | 
655 


Spinach (Bercer and JoHN- | 
SON) 655 | 





Index 


Lipase: Castor bean, blood neu- 
tral fat, action (KELsEy) 
199 
— —, specificity, lipid analyses 
(KELSEY) 187 
Lipid analyses, use (KELSEY) 
187, 195, 199 
Pancreas, blood neutral fat, 
action (KELSEY) 199 
—, specificity, lipid analyses, 
use (KELSEY) 195 
Lipid(s): Analyses, castor bean 
lipase use (KELSEY) 187 
—, lipase use (KELSEY) 
187, 195, 199 
, pancreas lipase use 
(KELSEY) 195 
Blood, pancreatic duct ligation, 
effect (ENTENMAN, CHAI- 
KOFF, and MONTGOMERY) 
121 
Liver: Phospholipid metabolism, 
betaine influence, radio- 
active phosphorus as indi- 
cator (PERLMAN and 
CHAIKOFF) 593 
Lysergic acid: Base, 6,8-di- 
methylergoline, synthetic, 
comparison (JacoBs and 
GouLp) 399 


M 


Maize: Seed, glycogen (Morris 
and Morris) 535 
Malt: Leucylpeptidase (BeRGER 
and JOHNSON) 655 
Metal(s): Peptidase activation 
(Bercer and JOHNSON) 
641 
Methionine: Blood _ globins, 
species differences (Bach, 
Bernstein, HumMeE., WIL- 
LiaMs, and Macy) 115 











Subjects 


Methionine—continued: 
Cystine conversion, 
tive sulfur as_ indicator 
(Tarver and Scumipt) 67 
Homocystine replacement of, 
vitamin B complex supple- 
ment, relation (pU VIGNEAUD, 
Dyer, and Kres) 325 
Methyl-1,4-naphthoquinone: 2-, 
antihemorrhagic activity 
(Atmquist and Kiose) 787 
Mineral: Metabolism, phos- 
phorus-deficient diet, effect 
(Day and McCo.ivum) 

, Yadioactive isotopes in 
study (Conn and GrREEN- 
BERG) 625 
Mosaic: Tobacco, protein (Mar- 
tTrn, Batis, and McKInney) 

687 


radioac- 


269 | 


virus nucleic acid, proper- | 


ties and hydrolytic products 
(Lorna) 251 
Virus, latent, absorption spec- 
tra (Lavin, Lorine, 
STANLEY) 259 
—, —, nucleic acid and pro- 
tein, absorption spectra 
(LAVIN, LORING, 
STANLEY) 259 
Muscle: Working, pyruvate, 
vitamin B, effect (BoLLMAN 
and FLock) 565 


N 


Naphthoquinone: 2-Methyl-1,4-, 
antihemorrhagic activity 
(Atmquist and Kiosg) 787 

Nephrectomy: Acetone bodies, 
utilization, feeding and, ef- 
fect (Minsky, NeLson, and 
GRAYMAN) 179 


and | 


and | 
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Nephrectomy —continued: 

Acetone bodies, utilization, glu- 
cose and, effect (Mrrsky, 

Newson, and GrayMAN) 
179 
Nicotinic acid: Cozymase syn- 
thesis from, blood cell, red, 
effect (Koun and Kier) 1 
Factor V synthesis from, blood 
cell, red, effect (Koun and 


KLEIN) 1 
Niemann-Pick disease: Spleen 
(CHARGAFF) 503 


Nucleic acid: Mosaic virus, la- 


tent, absorption § spectra 
(LAVIN, LORING, and 
STANLEY) 259 
Ring spot virus, absorption 
spectra (Lavin, Lorine, 
and STANLEY) 259 


Tobacco mosaic virus, prop- 
erties and hydrolytic prod- 
ucts (Lorna) 251 


O 


Oil: See also Coconut oil 
Orange: Juice, calcium assimi- 
lation, effect (LANForD) 87 
Organic acid(s): Silver salts, 
bromoacetyl sugars, action 
(Trpson) 55 
Ovariectomy: Urine androgenic 
substances, effect (Hirscu- 


MANN) 421 
Oxidase: Cytochrome C, soluble 
(ALTscHUL, ABRAMS, and 
HoGNgEss) 427 
Xanthine, blood (Biavucn, 
Kocu, and Hanke) 471 


Oxygen: Blood, saturation de- 
termination, spectroscopic 
(Hau) 573 
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Oxygen— continued: 
Uptake, hemoglobin, dried 
(Hisey and Morrison) 
763 
P 


Pancreas: Duct ligation, blood 


lipids, effect (ENTENMAN, 
Cuarkorr, and Monrt- | 
GOMERY) 121 


Lipase, blood neutral fat, ac- 
tion (KEeLsEy) 199 

—, specificity, lipid analyses, 
use (KELSEY) 195 
Pantothenic acid: Constituents, 
biological responses (Woo L- 


LEY) 417 
Papain: Absorption spectrum | 
(Fruton and Lavin) 375 | 


Crystalline, isolation (BALLs 


and LINEWEAVER) 669 
—, properties (Batis and 
LINEWEAVER) 669 


Peptidase(s): Activation, metal 
effect (Berger and Joun- 


SON) 641 
Leucyl-, cabbage (BerGErR and 
JOHNSON) 655 
—, malt (Bercer and JoHn- 
SON) 655 
—, spinach (Berger and 
JOHNSON) 655 


Phospholipid: Metabolism, liver, 
betaine influence, radioac- 
tive phosphorus as indicator 
(PERLMAN and CHAIKOFF) 


593 | 
—, radioactive phosphorus as 
indicator (PERLMAN and 
CHAIKOFF) 593 


Phosphorus: Blood serum sodium 
determination, effect (HaLp) 
133 





| 
j 
| 


| 
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Phosphorus—continued: 
-Deficient diet, mineral me- 
tabolism, growth, and symp- 
tomatology (Day and 
McCo..vum) 269 
Metabolism, rickets, vitamin D 
effect, radioactive isotopes 
as indicator (Conn and 
GREENBERG) 625 
Radioactive, liver phospholipid 
metabolism indicator, betaine 


influence (PERLMAN and 
CHAIKOFF) 593 
—, phospholipid metabolism 
indicator (PERLMAN and 
CHAIKOFF) 593 


Phthiocol: Synthesis (ANDERSON 
and CREIGHTON) 429 
Phytomonas tumefaciens: As- 
partic acid configuration 
(CHARGAFF) 29 
Glutamic acid configuration 
(CHARGAFF) 29 
Polysaccharide: Tumors (KaBarT) 
143 
Pregnancy: Urine, dihydrotheelin 
isolation (Smita, Swiru, 
HurrMaNn, THAYER, Mac- 
CorQuopaLe, and Dotsy) 
431 
— estrogenic substances, con- 
jugated, hydrolysis (Epson 


and Hearp) 579 
Protein(s): Body, metabolism, 
l( —)-Ieucine isotope-con- 


taining as indicator (ScHOEN- 
HEIMER, RaTNER, and Rit- 


TENBERG) 703 
Hydrolysates, cystine deter- 
mination, micro-, polaro- 


graphic (Stern, Beacu, and 
733 


Macy) 














Subjects 


Protein(s)—continued: 

Metabolism (ScHOENHEIMER, 
RaTNER, and RItTENBERG) 
703 
Mosaic virus, latent, absorp- 
tion spectra (Lavin, Lorine, 
and STANLEY) 259 
Ring spot virus, absorption 
spectra (Lavin, Lorine, and 
STANLEY) 259 
Sulfhydryl (GREEN- 
STEIN) 519 
Tobacco mosaic (MARTIN, 

Baus, and McKinney) 


groups 


687 

Proteolysis: Enzyme, animal tis- 
sue (Fruton and Bere- 
MANN) 19 





| 
| 


| 


—, spleen, beef (FruTON and | 


BERGMANN) 
Pyruvate: Muscle, working, vita- 
min B, effect (BoLLMAN and 
FLock) 565 
R 

Rhamnitol: L-, 
methyl, synthesis (Trpson 
and LEVENE) 235 
Rhamnose: /-, tetraacetyl, new 
form (Trpson) 55 
Rickets: Phosphorus metabolism, 
vitamin D effect, radioactive 
isotopes as indicator (CoHN 
and GREENBERG) 625 
Ring spot: Virus, absorption 
spectra (Lavin, Lorine, and 
STANLEY) 259 

— nucleic acid and protein, 
absorption spectra (LavIN, 
Lorine, and STaNLEY) 259 


Ss 


Salt(s): Amino acids and, inter- 
action (JosEPH) 203 





19 | 


1,3,4,5-tetra- | 





j 
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Sarcoma: Fowl, polysaccharide 


(KaBatT) 143 
Semen: Preservation (PHILLIPs) 
415 


Silver salt(s): Organic acids, 
bromoacetyl sugars, action 
(Tipson) 55 

Sodium: Blood serum, deter- 
mination, phosphorus effect 
(Hap) 133 

Spinach: Leucylpeptidase (Brr- 
GER and JOHNSON) 655 

Spleen: Beef, enzyme proteolysis 
(FruToN and Bergmann) 


19 
Niemann-Pick disease (CHAR- 
GAFF) 503 


| Staphylococcus aureus: Carbohy- 


drate metabolism (FRiepe- 

MANN) 61 
Streptococcus: Carbohydrate me- 

tabolism (FRIEDEMANN) 


757 

Strontium chloride: Activity de- 
termination, electrolytic, 
amino acid solutions (Jo- 
SEPH) 203 
Sugar(s): Bromoacetyl, silver 
salts, organic acids, action 
(Trpson) 55 
Cysteine and, combination 
(ScHUBERT) 601 
Sulfhydryl group(s): Proteins 
(GREENSTEIN) 519 


Sulfur: -Containing compounds, 
growth, utilization (Rosz 
and Rice) 305 

Radioactive, methionine con- 
version to cystine, indicator 
(Tarver and Scumipt) 67 

Total, blood globins, species 
differences (Bracu, Bern- 
STEIN, HumMMmeEL, WILLIAMS, 
and Macy) 115 
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T | Tumor(s)—continued: 
Tissue, malignant, glutamic 


Testosterone: Androsterone, con- , 4 
acid, nature (WHITE and 


version (DorFrMaNn, Cook, | 


and HamILTon) 285 | Wuite) 435 
Tetraacetyl /-rhamnose: New | U 
form (Trpson) 55 | 
Tetramethy! /-rhamnitol: 1 ,3 ,4, Uric acid: Blood, determination, 
5-, synthesis (Tipson and | uricase use (BLaucH and 
LEVENE) 235 Koca) 443 


Theelin: Dihydro-, urine, preg- —, tm vitro, uricase use 
nancy, isolation (Smiru, | (Biavucn and Kocn) 455 
Smiru, HurrmMan, Tuayer, | Uricase: Blood uric acid deter- 
MacCorqvopa.e, and mination, use (BLAUCH and 


Dotsy) 431 Koc) 443 


Thiamine: Urine, determination, | ~~ — —> ™ vro (Buavucn 


chemical (MELNICK and ' and Kocn) 455 
Frevp) g7 | Urine: Androgenic substances, 


—, form (Meunick and Fre.p) ovariectomy effect (Hirscu- 

97 MANN) 421 

Dihydrotheelin, pregnancy, 

isolation (Smit, Sirs, 

HurrMan, THAYER, Mac- 
CorQuopaALE, and Dorsy) 


—, stability (Meunick and 
Frevp) 97 
See also Vitamin B, 


Threonine: Determination, mi- | 431 

cro- (Biock and Bovtinc) _ Estrogenie substances, conju- 

; 365 gated, hydrolysis (Epson 

Tissue(s): Soft, ashing (BUELL) | and Hearp) 579 

357 | Thiamine, determination, 

Tobacco: Mosaic, protein (Mar- | chemical (MeEuLnick and 

TIN, Baus, and McKinney) | Fre.) 97 

687 | —, form (MeLNiIcK and FreLp) 

— virus nucleic acid, properties | 97 

and hydrolytic products | —, stability (Me.nick and 

(Lorna) 251 | Frgevp) 97 

Trimethyleneindole: Deriva- 

tives, preparation (GouLp V 

and Jacops) 407 | Virus: Mosaic, latent, absorption 

Trypsin: Specificity (HormaNnn | spectra (Lavin, Lorine, and 

and BERGMANN) 81 | STANLEY) 259 

Tumor(s) : Malignant, glutamic | —,—, nucleic acid and protein, 

acid (GRAFF) 13 absorption spectra (LAVIN, 

Polysaccharide (Kaspar) 143 LorinG, and StanitEy) 259 
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Virus—continued: Vitamin (s)—continued: 
Ring spot, absorption spectra D, phosphorus metabolism, 
(Lavin, Lorine, and StTan- rickets, effect, radioactive 


LEY) 259 
— —, nucleic acid and protein, 
absorption spectra (LAVIN, 
Lorine, and STaNLEY) 259 
Tobacco mosaic nucleic acid, 
properties and hydrolytic 
products (Lorine) 251 
Vitamin(s): B complex supple- 
ment, homocystine replace- 
ment of methionine, relation 
(pu Vieneaup, Dyer, and 
Kies) 325 
-- — synthesis, sheep rumen 
(McE.roy and Goss) 437 
B,;, muscle, working, pyruvate, 
effect (BoLLMAN and FLock) 


565 


—. See also Thiamine 


Be, nutrition, chick (HeesTep, | 


Outeson, ELvensem, and 
Hart) 423 
— preparation (GREENE) 513 


isotopes as indicator (CoHN 
and GREENBERG) 625 
K,;, alfalfa, identification 
(MacCorquopaLe, McKeg, 

| BInKLEY, CueENeEy, Hot- 
coms, THarer, and Dorsy) 
| 433 
_ — derivative (Atmquist and 
| Kose) 791 
| — isolation (Brinxkiey, Mac- 
CorquopaLe, THAYER, and 

219 





Dotsy) 
Ww 


Work: Muscle pyruvate, vita- 
min B, effect (BoLLMAN and 





FLock) 565 

x 
| Xanthine: Oxidase, blood 
(BLaucna, Kocu, and 
HANKE) 471 

Z 


_ Zea mays: See Maize 
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